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NOTICE

This report was prepared as an account of Government sponsored work. Neither
the United States, nor the National Aeronautics and Space Administration
(NASA), nor any person acting on behalf of NASA:

A) Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disciosed in this report may not
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method or
process disclosed in this report.

As used above, "person acting on behalf of NASA"” includes any employee or
contractor of NASA, or employee of such contractor, to the extent that such
employee or contractor of NASA, or employee or such contractor prepares, dis-
seminates, or provides access to, any information pursuant to his employment or
contract with NASA, or his employment with such contractor.
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ABSTRACT

This report presents the analyses required to
design and analyze a direct space condenser-radi-
ator of general geometry utilizing any working
fluld including a combination of a condensable
vapor and noncondensable gas. These analyses are
then reduced to a computer-usable form and a series
of five computer programs (in Fortran IV) capable
of designing and snalyzing these radiators are
described. Lastly, the instructions for the
operation of these computer programs are deline-
ated.

These computer programs conslder such items as:
flat plate, triform, cruciform, cylindrical, and
conical panel configurations; operation in a
varisble gravitational field (including zero g);
automatic bypass and segmentation to control
outlet temperature; fixed inventory or pressure
regulated condensers; non-uniform sink temperature;

and single and parallel tube flow stability.
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1.0 INTRODUCTION

The design of extended surface rejection of waste heat from space vehicles lends
itself readily to optimization by computer techniques. This 1s a result of the
radiator weight (the parameter normally minimized within various constraints)
being a function of the number of tubes, tube diameter, tube length, and fin
width/thickness and the interaction of these factors for a given design condition.
Furthermore, in many cases, the weight of these radlators is a significant
fraction of a total vehicle weight. Consequently, many computer programs have

been conceived for the purpose of designing these radiators in an effort to
minimize their weight.

A problem of size and complexity results, however, when one attempts to devise
a single computer program to satisfy the requirements of all systems in need of
a means of rejecting waste heat in space. Figure 1, as an example, groups some
of the heat-reJjection-requiring systems according to tempersture level and heat
rejection mode. It is obvious thet a single computer program applicable to even
the small number of types shown in Figure 1 would be unwieldy. As a result, the
computer programs developed to date are limited to a specific type or types of
systems based on the need of the sponsor. As examples, References 1, 2 and 3
consider a O°R sink temperature, which, for the purpose of the program (high
temperature liquid metal Rankine cycle power system), is acceptable but results
in large error when applied to the systems radiating at lower temperatures to

a non-zero sink. Some programs (Reference 1 and 3) are limited to the consider-
ation of certain fluids whose properties are built into the program. Others
consider only single phase fluids, non-isothermal rejection of heat (Reference

: 43 1 drre A arnead ey mannnoan wma dantdnes hand
11"), while others consider CnLy TWwO=paast CONGLUSLIg PIrOoTesstis I'cjclvang acav

isothermally (References 1, 2 and 3).
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expended in the computer analysis for off-design conditions of a previously
defined radiator.

Early in 1965, the Manned Spacecraft Center of the National Aeronautics and Space
Administration had a need for a computer program or programs to design and
analyze direct radiating condensers for (a) high and low temperature Rankine
cycle power systems, (b) refrigeration cycles for environmental control systems,
and (c) fuel cell power systems.

Category (a) had been extensively treated in the high temperature area in the
literature, but the low temperature area and category (b) was scmewhat less
completely covered, and no treatment of category (c) was found. In addition,
very little consideration had been given to the off-design performance of
radiators, most of these being limited to a specific system or radiator design.

As a result, in June 1965, NASA/MSC awarded a contract to the Equipment Labora-
tories Division of TRW to perform the analyses and write and debug the program(s)
necessary to satisfy this need.



TRW EQUIPMENT LABORATORIES

After evaluating the differences and similarities in the requirements of (a),

(b) and (c) sbove, it was decided to separate the problem into five progrems as
follows:

I - Fuel Cell Design Program

II - Isothermal Design Program

III - Primary/Secondary Design Program

IV - Fuel Cell Performence Analysis Program
V - Isothermal Performance Analysis Program

A detailed description of the operation of each of these programs can be found
in Section 4.0.

In addition to the normal capabilities of considering various tube numbers,
diameters and lengths and fin widths and thicknesses, these programs consider:

a) non-constant sink temperature such as might be seen by a cylindrical radiator
in a lunar orbit, b) effects of gravity environment on flow stability, c) auto-
matic segmentation or bypass to control condenser outlet temperature, d) constant
liquid inventory or constant pressure regulation in the condenser, and e) a wide
range of tube/fin and penel configurations.
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2.0 DISCUSSION

The computer programs developed under this contract are applicable to direct
condensing fin and tube radiators in a space envirorment. They consider the
desuperheating of the vapor, condensing of the vapor and the subcooling of the
condensate. In the special case of non-isothermal condensation of water vapor
in hydrogen gas (fuel cell), the effect of desuperheating, condensing, and
diffusion are considered.

The systems to which the design and analyses are spplicable are: (a) high and
low temperature Rankine cycle electrical power systems, (b) active environmental
control systems, and (c) fuel cell pover systems all employing direct condenser
radiators. Schematics of these systems are shown in Figure 2.

Much similerity exists in systems (a) and (b), but system (¢) requires special
treatment since the presence, in large quantity, of the noncondenssble hydrogen
and the resultant incomplete condensing of the input vapor requires a unique
series of considerations. As a result, the envirommental and Rankine systems
have been treated identically in the programs and separate from the fuel cell,
or sometimes referred to herein as the non-isothermal system.

The primary/secondary concept is a special case of the environmental/Rankine
case capable of operation in high "g" fields. Basically, it is a series
combination of a parallel and a single tube direct radiator-condenser which
cambines the lightness of the former with the stability of the latter. This
concept was conceived of, developed, and successfully operated with condensate
flow in opposition to 1 g on the Sunflower I contract between the Lewis Research
Center of the National Aeronautics and Space Administration and TRW. The
theoretical background of this approach is contained in Section 3.3 and
Appendix B-5.

2.1 Configurations

Three types of tube/fin construction are considered: central fin, open sandwich,
and closed sandwich as shown below.

Central Fin

__© © Q
Open Sandwich

N ©) g g

Closed Sandwich
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The central fin construction is the classical geometry considered in most
analytical exercises. From a fabrication standpoint, however, it is less
practical than either of the other two geametries. An alternate fabrication
of this geometry is shown below.

braze or weld

ol

<

Alternate Central Fin Construction

This has the disadvantage of requiring the same materisl be used for tubes
end fins at approximately the same thickness but is more easily fabricated.

The open sandwich construction is the most easily fabricated lending itself
to tube~to-fin furnace brazing, torch brazing, or welding, depending on the
tube and fin materials, strength requirements, and/or furance capacity. Its
use in & conical or cylindrical panel configuration with the tubes on the
inside mskes maximum use of the meteoroid protection effect of the fins.

The closed sandwich has the advantages of strength and the meteoroid protection
afforded by the fin location for any panel configuration but is somewhat more
difficult to fabricate than the open sandwich.

Although other varistions in tube/fin geometry exist, most notably a closed
sandwich honeycomb, the programs contained herein are necessarily limited to
the geometries discussed.

Five panel configurations are considered in conjunction with the three tube/fin
types: flat plate, triform, cruciform, cylinder (or segment) and cone (segment
and/or frustrum). These are sketched below.

1
d N A
N
A > <<
// ' // LA L NS 1
] ! - rd N
|
3
; LA \ U
Flat Plate Triform Cruciform Cylinder Cone

L
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The panel choice, of course, is determined by the envelope availeble. In
general, the flat plate will be the lightest for a given heat rejection but
will require greater envelope dimensions. Conversely, the cone end cylinder
may be heavier but will fit into a smaller envelope. The triform and cruciform
fall between the flat plate and cone/cylinder with regard to weight and
envelope size. In short, it can be said that the optimum panel configuration
can be determined only in the specific case.

Figure 3 shows which of these panel configurations are considered in each
program, (denoted with en X).

In cylindrical and conical panels using closed sandwich tube/fin geometry, the
inner fin thickness is specified by the designer in all programs and is not
considered to effect or affect heat transfer. With the same panel configurations
employing an open sandwich, the tubes are always assumed to be on the "inside".
A single inlet and single outlet are assumed in all panel configurations, and in
all cases, the three tube/fin configurations may be considered.

2.2 Operating Environment

Ary vehicle traveling oulside iLne earill’s atmospnere will encounter conditions
unlike those on the ground. These conditions are fairly well understood and
include: exposure to meteoroids, loss of convection-type external heat
rejection as a result of the vacuum environment, low or zero "g" acceleration
levels, and exposure to high energy electrically charged particles. The last
characteristic is not considered in the computer programs, but the others are

handled in the manner discussed in the following parsagraphs.

2.2.1 Meteoroid Protection

Meteoroids of varying size, density and velocity are one of the hazards
encountered by space vehicles. If the integrity of a particular camponent would
be diminished or lost due to a puncture resulting from a collision with one of
these meteoroids, suitable precautions must be teken. This is precisely the
case with condenser-radiator tubes.

Meteoroids, of cometary and asteroidal origin, travel in eccentric orbits
within our solar system. About 20% of those near the earth are members of a
meteoroid shower, whose behavior can be predicted and, consequently, they can
be avoided. The remaining 80%, however, are sporadic in nature and must be
treated on a probability basis. Meteoroid protection requires the determination
of 1) the frequency of the meteoroids , 2) the mass, density and velocity of the
meteoroids, and 3) the penetrating pover assuming the mass, density and velocity
are known. Many earth observations and satellite experiments have been performed
to determine (1) and (2), but most have had significent limitations of time,
area or sensitivity, i.e., ability to count only meteoroids above a certain
minimm size. Many earthbound experiments have investigated (3) but have been
limited in significance because meteoric velocities (28 to 4O km/sec) have not
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been attainsble. Despite these shortcomings, some assessment of the problem
mist be made before intelligent designs of future systems can be undertaken.
Reference 5 agppears to be the best assessment to date.

After surveying available dats and experimentel results, Reference 5 concludes
with the equation:

1 2/3 -5\1/3 /3
- 2
£y = 2 T Pr 62.45 XE 6.747 x 10 ocAv'c) 1 (1)
Pa C e ~1nP(o) +1
where
t, = thickness of required armor, in.

F =1.0

a = 1.75; correction for a finite target, i.e., the target that will be
penetrated by a projectile is 1.75 times the depth of penetration
in an infinitely thick target (due to spalling).

‘0 p = meteoroid density,o.l&h— gm/cm3

= armor density, lb/ft3

-
o
I

Vp = meteoroid velocity, 98,400 ft/sec

¢ = sonic velocity in armor, f‘t/sec or 12 \‘i Bt &
F a

E, = modulus of elasticity of armor, 1b/in®

g = gravitational constant, 32.2 f't/ sec2

oC = 5,3 x 1074 i‘te-day (defines flux/mass relationship of meteoroids)

ﬁ = 1.34

A, = outside area of vulnerable surface: tubes, headers, etc. in a
radiator

T = exposure time, days

P( o) = desired probability of no penetration by a meteoroid in T days
Equation (1) is included in the design programs to calculate the necessary
meteoroid armor. This calculation can be bypassed, if desired, by specifying
a tube wall thickness in the input data. '

In the programs, the headers are assumed to be protected from meteoroid impact
by structure and their aree is not considered vulnerable. The use of bumper-type

6
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meteoroid protection, i.e., lesser amounts of protection separated from the
Vulnerable area, is not considered in the programs since gross uncertainties
currently exist in this approach.

2.2.2 Vecuum Environment

The high vacuum enviromment of space has an effect on the long-term surface
characteristics of the exposed areas. But of even more significance to a
space condenser-radiator is the loss of external convection. Heat rejection
becomes a matter of radiation to the enviromment of space. This thermal
enviromment is camprised of planets emitting infra-red and reflecting solar
energy and the sun emitting direct solar energy. The level of incident
radiation from each of these sources is a function of the radistor's location
and attitude in space. In each design program, the magnitude of the radiation
and the absorptivity of the radiator surface to the radiation can be specified
in the input data. In lieu of these radiation level and absorptivity combina-
tions, a sink temperature may be specified (see paragraph 3.1.2). Furthermore,
in the performence analysis programs, up to twelve different levels of incident
energy may be considered simultaneously (such as that which may be seen by a
cylindrical radiator).

In all cases the computer programs add this energy absorbed from the environment
to the heat rejection requirement of the radiator.

2.2.3 Acceleration Environment

Almost all ground-based condensers rely on gravitational attraction to transport
the condensate to the desired location. In the case of Rankine cvele rantral
power statlions, gravity also supplies a portion of the numw suection nrescmma.

in space travel, however, the majority of any journey will be spent in zero or
near-zero gravity, and, consequently, some other means of condensate transport
and pump inlet pressure supply must be found.

To solve the first problem, the vapor is condensed in small tubes such that the
vapor velocity is great enough to produce a drag on the condensate and drive
all the liquid to the condenser outlet. This problem is magnified if orbital
transfer or mid-course correction maneuvers cause accelerations in directions
which require the vapor to move the condensate "uphill". In this event, the
vapor drag must be even higher to overcome the external body forces. In the
computer programs, the vapor velocity necessary to achieve not only condensate
transport, but miltiple tube stability, is observed as a minimm. These
considerations are discussed in detail in paragraph 3.2.k4.

The problem of adequate NPSH in space Rankine cycles is normally solved by
designing the condenser to operate at a pressure level which will maintain the
Pump prime. In some cases, this pressure level is above that desired for system
optimization. This pump inlet pressure is fixed in the design programs by the
user when he specifies the condenser inlet pressure and condenser pressure drop

in the inputs.
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3.0 ANALYSIS

In designing or analyzing the performance of extended surface space radiator
condensers, two major criteria have to be dealt with and satisfied. They are
thermal behavior (heat transfer and thermodynamics) and fluid dynamic behavior
(pressure drop and flow stebility).

The general approach taken in the design programs is to determine applicable
combinations of geometry (condensing length, dismeter, number of tubes, etc.)
according to fluid dynamic criteria and then, based on the heat rejection
requirement, determine suitable finning for each combination. In the performance
analysis progrems, the previously-defined geometry, environment, and flow rate
are used to determine the operating conditions and behavior. In both types of
programs, the equations governing heat transfer and fluid dynemics are

identical; only their sequence is varied depending on the known quantities.

3.1 Heat Transfer and Thermodynsmics

The mechanics of heat rejection in a space radiator involves convection from the
fluid to the tube wall, conduction from the tube to the fins, and radiation
from the tubes and fins to the enviromment. These three modes of heat transfer
are discussed in Sections 3.1.3, 3.1.1 and 3.1.2, respectively.

3.1.1 Nodel Point Method

General analytical expressions relating heat flows, temperatures and geometries
of space radiators have been derived in the literature (i.e., references 6, T,
8 and 9). These expressions, however, are usually in the form of differential
equations requiring numerical integration. Due to this reason and the
generalities in geometry and flow conditions to be covered by these programs,

a nodel point method was employed.

Symmetry allowed one-half of an externally finned tube to be considered. This
geometry was further subdivided into a series of nodes, the fins having four
nodal points per section and the tube two. In addition, the isothermal condenser
was assumed to have one section along the condensing length and two along the
subcooler length and the non-isothermal (fuel cell) radiator, three along the
condensing length. The nodal point locations for the three fin-tube configura-
tions are shown in Figure L.

For a steady state application, the summation of all heat flows by conduction,
radiation, and/or convection into a node is equal to zero. By suming the heat
flows about each node, a set of nonlinear simultaneous equations relating
geametry and temperature is obtained. A typical set of equations for a single
fin nodal point is shown in Appendix A-l1l. To assure a fast converging solution

of these simultaneous nonlinear equations, a special camputer subroutine was
devised.

3.1.2 Radiation Heat Transfer

The net radiative heat exchanged between two energy sources is a function of

8
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their temperatures, surface properties, the spectral distribution of the
energles, and the "view factors” between the two sources. The sources of
radiation encountered by space radiators will be the sun (solar), planets
(albedo and infrared) and on-board sources (infrared). Since absorptivity
has a strong spectral dependence and the above sources show intensity peaks
at at lest two widely different wave lengths (visible and infrared ranges),
it was decided to use two values for surface absorptivities: solar, or high
temperature, absorptivity values for solar and planet albedo radistion and
thermal, or low temperature, absorptivity values for planet thermal and on-board
radiation. The radiator surfaces are considered gray within each of the two
spectral regions and, hence, the surface emissivity values will be equal to
the thermal absorptivity values. The radiation emitted from the radiator is
considered to be diffuse; i.e., the magnitude is constant for all angles.
Similarly, no angular dependence is assumed for the solar and thermal
absorptivities.

Since the tube and fins of space radiator-condensers are not continuous, flat
surfaces and certain panel configuration cause panels of the same radiator to
"see" each other, geometric configuration factors and energy reflections have
to be investigated.

View factors from incremental fin areas (nodal points, see Section 3.1.1) to

ad jacent tubes are derived for all three fin-tube configurations in Appendix A-2.
Also, for the closed sandwich configuration (see Figure 4), view factors from

an incremental fin nodal point to opposite fin nodal polnts are derived. The
view factors used are actually those from the mid-point of the nodal points

to tubes and opposite fin nodal points; when these were compared with the
integrated view factor from the entire nodal point, it was found that the first
ana simpler version could be used with negligible error.

A further simplification was made in that no radiant energy exchange between fins
and tubes was considered, but rather the tubes and fins merely blocked each
other's view to space. In the configurations used in this analysis, the
tube/fin view factor value decreases as temperature difference increases (moving
along the fin perpendicular to and awsy from the tube) and the product of view
factor and difference of the fourth power of temperatures for typlical radiator-
condensers in calculating net radiant energy exchange between fin and tube
results in negligible values compared to heat conduction and radiation to space.
For similar reasons, fin-to-fin net radiant energy exchange for the closed
sandwich configuration was also neglected. Examples of the errors involved in
these simplifications are shown in Appendix A-2,

Lastly, reflective tube/fin interchange (for normal geometry and surface proper-
ties) was shown to have insignificant effects on total heat transfer in Reference
27. Accordingly, this effect was also neglected.

Based on the above considerations and using the derived fin-to-tube view factors
in conjunction with view factor algebra, a set of view factors of fin nodal
points to space was derived. Figures A-2 and A-3 (Appendix A-2) show the derived
factors for each fin segment in generalized terms. Also included are the
tube-to-space view factors.

9
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Figure A-4 shows local view factor from panels of triform and cruciform
configurations to space. As can be seen from the figure, integrated values
for each case of .866 and .707, respectively, derived in Appendix A-3 can be
used as constants over the complete panel surfaces without introduction of
sizable overall error.

For this analysis, all conical and cylindrical radiators are assumed to have
blocked ends and negligible internal radiant interchange and headers are

assumed to be located in such a way as to result in negligible radiant energy
loss.

In writing the net radiant exchange between energy sources and radiator
segments, an equivalent sink temperature is used. (Physically, the equivalent
sink temperature is that temperature a surface would attain were it in thermal
equilibrium with the enviromment with no other heat input to the surface except
from the environment.) This sink tempersture can either be specified or
derived based on incident fluxes and the absorptivities of the radiator surfaces
to these fluxes. The equation for effective sink temperature is derived as
follows (see Nomenclature section for explanation of symbols):

Q=Fsp0"€ 'l""’-Fsp [°cs (QS"'Qa)"'cCtQ‘t]

where Q = heat exchanged per unit area and time.

The form using an equivalent sink temperature, T

Q=Fg T € [T”-Tsl*]

Fop & € Tsh = F, ‘:OCS (Q + Qg) + <y Qt]
Since €& =oC,
T = 1 Cs (. + Q) + a (2)
s ?F? Qg Qa Qt

g? would be:

OC%

Equation (2) is used in the programs to determine the sink temperature(s) in
the event the incident heat fluxes are specified.

3.1.3 Condensing Coefficients

Basically, two mechanisms can occur when vapors condense: dropwise or fllmwise
condensation. Fluid type and/or surface material and conditions primarily
determine the type of condensation. From the types of fluids and compatible
materials considered in this study, only mercury will be considered non-wetting,
i.e., condense in a dropwise manner. All other fluids are thought of as
wetting with resulting filmwise condensation.

10
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Since the presence of a noncondensable gas in condensation of vapors effects
the condensation coefficient, special consideration in that area has to be
given to a fuel-cell direct radiator-condenser.

3.1.3.1 Fuel'cell

When a mixture of noncondensable gas and condensable vapor comes in contact
vith a surface colder than the dew point of the mixture, condensation will
occur. For film-type condensation, a thin liquid film of condensate will

form on the surface and a gas and vapor film will separate the main body of

the mixture and the condensate layer. The gas and vapor f£ilm will have a lower
vepor concentration then the main body (reference 10). Becemse of the partial
pressure difference of the vapor between the main body and the liquid interface,
the vapor diffuses through the gas film to condense at the interface. Thus,
sensible heat of the gas and vepor and latent heat of the vapor are transferred
through the condensate layer but only sensible heat passes through the gas
layer. The condensation rate is, therefore, governed by the law of diffusion
of vapor through a f£ilm of noncondensable gas while sensible mixture cooling is
governed by usual modes of heat transfer, i.e., conduction and convection.

An analysis of a combined heat transfer coefficient for a fuel cell direct
radiator-condenser with the noncondensable gas being hydrogen and the condensable
vapor being steam was performed. In this analysis the sensible heat transfer
coefficient and the ratio of latent heat transfer coefficient to the sensible
heat transfer coefficient were determined. The combined coefficient can then

be expressed

Barehinea = Deeneinie l 1+ Matent \
\ Bgensible '

This approach was taken since hjgtent is difficult to determine independently,
whereas hgengiple is compearatively straightforward and the ratio hlatent/hsensible
can be obtained realizing the mechanism for both are coupled by certain
physicel laws as discussed above. The results of the analysis showed that

hy atent/hgensible D> 1 and the resulting hegmpineq W8 high enough that the
resistance to heat flow would be small (for the range of conditions expected)
compared to the radiation resistance. As a result, a constant hoomhinea Of
1000 Btu/hr-fl:e-OF vas used for the hydrogen water-vepor mixture fuel cell
direct radiator-condenser. The analysis is contained in Appendix A-k.

3.1.3.2 Liquid Non-Metals

The formation of a condensate film on a surface whose temperature is below the
saturation temperature of the vapor creates a heat flow resistance through
which the latent heat of the vapor must pass. The overall resistance can be
considered to consist basically of a resistance at the liquid-vapor interface
and a resistance due to the condensate film. For common type fluids, Prandtl
No. 2» 0.5, the liquid vapor interface resistance is negligible compared to the
resistance due to the condensate film (Reference 10). The liquid non-metals
considered in this analysis fall into this category.

1
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Expressions for condensing coefficients epplicable to fluids with a Prandtl

No. > 0.5 have been derived by Nusselt (Reference 11) for laminar condensate
flow and expanded by Kirkbride (Reference 12) for turbulent condensate flow.
Neither expression accounts for the case in which the velocity of the uncondensed
vapor is substantial compared with the velocity of the condensate at the
vapor-condensate interface. Frictionel vapor drag on the film affects the
film's velocity and thickness and, therefore, the heat transfer coefficient.
Experimental work by Carpenter and Colburn (Reference 13) shows that in the
latter cese coefficients ten times higher than those obtained using Nusselt's
and Kirkbride's expressions were measured. In the above reference, Carpenter
and Colburn derive an expression, based on data for condensation of a saturated
vapor flowing downward in a water-cooled tube at high velocities, using the
shear stress, 1fw, at the vepor-liquid interface but basing this stress on

the equation for dry tubes:

2
’cwgc =£_G_v_

2 f?v

h ‘Lc
Plotting 1fw g, Vs, ——IiZ based on experimental results gives:

and in terms of wvapor velocity:
1/2
ko T
h = .065 °p Pec Py ¥e U (3)

c v

2 A,

where UQ = vapor velocity.

This equation should not be used for fluids with very low Prandtl numbers
(1iquid metals) or very high Prandtl numbers (viscous oils, etc.). In using
the above expression, it should be remembered that two simplifying assumptions
were made: first, the friction factor is based on dry pipe data and, second,
an averasge velue of vapor velocity is employed.

3.1.3.3 Liquid Metals

Although experiments have substantially borne out the theoretical predictions
for condensing coefficients of common fluids (Prandtl No.» 0.5), the same
cannot be sald for liquid metals. The small amount of data from various
investigators on condensation of metallic vepors all have one thing in common:
the values for condensing coefficients obtained from experiments is up to an
order of magnitude lower than the values predicted by Nusselt's, Kirkbride's

12
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and Carpenter and Colburn's expressions. As References 11 and 14 point out,
the cause of this discrepancy is that the governing resistance to heat flow
from the vapor core to the tube wall must be at the liquid-vapor interface and
is not due to the film thickness. The latter assumption was used by Nusselt,
Kirkbride and Carpenter and Colburn.

Rohsenow (reference 11) uses the condensation coefficient, O~ , (fraction of
molecules striking the surface which actually do condense) to develop
expressions for two Nusselt numbers, one based on the vapor to film temper-
ature drop and the other based on the film to tube wall temperature drop.

These expressions are complex and would require an iterative solution technique
if used with a nodal point method. Values for @ for metallic vapors are scarce
and those reported from separate sources show large variations for the same
vapor.

Since condensing coefficients for metallic vapors have relatively high values,
the temperature drop from the vapor core to the tube wall is small when compared
to the operating temperature level. Hence, a sizable percentage change in the
condensing coefficlent will have a negligible overall effect when applied to

a radiator-condenser as considered in this analysis. Based on the sbove findings

and assumption, constant values, rather than analytical or empirical expressions,
for liquid metal condensing coefficients were used.

Based on experimental data in references 11 and 1k, and considering typical
expected operating ranges, a constant value of 5000 Btu/hr-fta-oF for the
condensing coefficient of mercury vapor was chosen. Similarly, from References
11 and 1k aonctent weluag of 2000 Btu/hr—f‘:. -Or fox the conmdencing coccffiziont
of potassium and rubidium vapors were chosen. These constants were used in
the programs for the liquid metais, but equation (3) was used for liquid
non-metals.

3.1.4 Subcooler Convection Coefficient

In condensers, the removal of sensible heat from the liquid condensate is termed
subcooling. In multiple tube radiator-condensers where camplete condensation

of a single fluid occurs, this subcooling usually takes place in an extension of
the condensing tube.

As expected, the mode of heat transfer and, therefore, the value for the heat
transfer coefficient, depend largely on whether the flow of the condensate is
laminar or turbulent. For fully developed laminar flow in pipes, the mode of
heat transfer is conductive in nature and the dimensionless ratio (hD/k),or
Nusselt number, takes on a constant value if longitudinal conduction is
insignificent.

In fully developed turbulent flow, the mode of heat transfer is both conductive
(in the laminar sublayer) and convective (in the buffer layer and turbulent
core). The heat transfer coefficient is then definitely a function of the
Reynolds number (boundery layer determinstion) and Prandtl number (ratio of
molecular transfer of momentum to molecular transfer of heat).

13
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A certain length of tubing is needed before the laminar and turbulent boundary
layers build up to a constant thickness, i.e., before fully developed laminar
or turbulent flow is reached. Since the boundary layers are thinner in this
entrance region, the Nusselt numbers are higher than in the fully developed
case. The build-up of these boundary layers is strictly a function of fluid
dynamics (for constant fluid properties) and is not influenced by heat transfer.
Eckert (Reference 15) shows that, for smooth entry, circular pipes, the
entrance length, L., required to resch fully developed laminsr flow is a
function of the Reynolds number, Re, and tube diameter, D. This function can
be expressed as L = .0288 D Re. In the turbulent case, the boundary layer
thickness increaseés faster and, therefore, a shorter entrance region results.

In a radiator condenser where the liquid flow starts from a highly active (due
to impinging condensate) liquid-vapor interface, this entrance effect is assumed
to have only slight effects.

3.1.k.1 Liquid Non-Metals

For laminar flow (Reynolds number,(Re)<2300) of liquids flowing in pipes, the
heat transfer coefficient is independent of the Prandtl number if longitudinal
conduction cen be neglected. This assumption is sound for liquid non-metals
considered in this analysis. From Reference 15, a constant average Nusselt
number, hD/k, equal to 5.0 was chosen for laminar flow in a subcooler.

For turbulent flow (Re > 2300), the effect of the Prandtl number on the heat
transfer coefficient warrants a separate investigation for non-metsllic liquids
(Pr Z 1) from that for metallic liquids (Pr €< 1). For liquid non-metals the
molecular transfer of momentum is more intense than the molecular transfer of
heat. The thickness of the thermal boundary layer is less than the thickness
of the dynamic layer, and as a result, the turbulent transfer of heat in the
vicinity of the viscous sublayer becomes important.

Reference 16 gives an empirical expression for the Nusselt number derived by
Dittus and Boelter for cooling of fluids in turbulent motion (Re > 2300)

M = EP - .023 (Re)® (pr)-3 (&)
and the fluid properties are determined at the "cup" temperature. The use of
this equation results in some inaccuracy for Reynolds numbers from 2300 through

6000 (transition region). For this region H. Hausen (quoted in Reference 17)
derived an expression for an average Nusselt number:

mons [ weam] e {1 e(f) 2/3J (faﬁ> -

where //(B
My

absolute fluid viscosity evaluated at the bulk fluid temperature

absolute fluid viscosity evaluated at the tube wall temperature.
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The evaluation of M, at the wall temperature and the dimension "L" (length from
tube inlet) make this expression difficult to apply to the nodal point method
employed in this analysis. As a result, the simpler Dittus-Boelter equation (%)
wes employed with only small sacrifice in accuracy in the 2300-6000 Reynolds
number range.

3.1.4.2 Liquid Metals

Experimental results (Reference 18) indicate that the Nusselt number does not
reach a constant value for laminar flow of liquid metals as it did for liquid
non-metals. The main reason for this is assumed to be the fact that longi-
tudinal conduction is comparable to radial conduction.

For turbulent flow for fluids with Prandtl No. < 1.0, such as liquid metals,
the molecular transfer of heat is considersbly more intense than the molecular
transfer of momentum and the thickness of the thermal boundary layer is greater
than the thickness of the dynamic layer. In liquid metals heat is also
transferred by the movement of electrons, which increases the influence of the
transfer due to molecular activity. This electron contribution may be greater
than the turbulent contribution (Reference 16).

The above reasons indicate that a different expression(s) is necessary to
describe NMusselt number variation.

One of the best accumulation and analysis of experimentsl data on heat transfer
coefficients for liquid metals is presented in Reference 19. Figure 42 of
that reference shows the results of fifteen investigators and groups of
investigators plotted as Nu versus the Peclet number, Pe. The following
empirical equation was derived from this plot by the authors of Reference 19.

N ey rc'b' (=)
where
CO ~ - Vs . .
Pe = Peclet number of the fiuid = (Re)(Pr).

Although the authors state that the experimental evidence was insufficient to
serve as a basis for any conclusion concerning liquid metal heat transfer in
the laminar or transition flow region, the above equation shows fair agreement
with the small amount of data available for those flow regimes. In the
programs, Equation (5) is used for liquid metals for laminar, transition and
turbulent flow.

3.1.5 Fuel Cell Radiator Heat lLoss

When a mixture of vapors is forced through a tube whose surface temperature is
below the dew point of one of the camponents, condensation of that component
will occur. In the case under consideration, one of the gases (hydrogen) has
a much lower saturation temperature than the other (water vapor); and, as such,
the former is considered a noncondensable gas and the latter a condensable
vapor. The condensation of the vapor ceuses a decrease in its partial pressure
along the tube which results in a corresponding decrease in its dew point.

If the total pressure of the mixture is high compared with the frictional

15
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pressure drop along the tube, the effect of this pressure drop on the
saturation temperature can be neglected.

The heat loss of the mixture is composed of the sensible heat loss of the

noncondensable gas, the sensible heat loss of the vapor (including superheat ),
the sensible heat loss of the condensete and the latent heat of the vapor-to-
liquid phase change. Examining a small section of a tube in which the mixture

is flowing:
L .ﬂf dL _..!
hy,hp,he,hey ' ! hy+ dhy,hy + dhp,he + dhe,hp *dhe
my iy g | | m tom, mp, mp ¢y
T, T I | T + 4T, T' + 4T
I |

[ ag

where the symbols:

T = saturation temperature
T' = superheat temperature

and subscripts:

condensable vapor (steam)
noncondensable gas (hydrogen)

1
2
f = condensate (water)

results in the following energy balance:
hym +hpmy + he, me, +dg = (m +dmy) (hy +dh)
tmy (hp +dhp) + (mp +dmp ) (e + dhg )
and dq = m2h2 + mldhl + hldml + mfldhfl + hfl dmfl
By assuping both gas and vapor follow the perfect gas law and by employing

Dalton's Law of partial pressures and Clapeyron's equation, the sbove energy
balance can be written as:

R2 ahfv]_
d = + ————
1= jmece fo oy oy Putme Ry Pm-l) (3'13
21 Sat
2 T 1 (6)
+
P
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where ;8 and 5 o &re factors accounting for the sensible heat loss of the
nonconden%able gas and vapor mixture due to superheated inlet conditions (see
Appendix A-5).

By plotting erature and total pressure dependent portions of equation (6)

for a hydrogen/water vapor mixture and curve fitting, the following expression
was generated:

q= [mecz B+ Mo, ©fy @1 ](Tinsat' Tout)

-1.112
+ 1770 my B_ (e"%237 Tyn_pp - 0237 Tout) (7)

where: q is in Btu/hr
m is in 1b/min
¢ is in Btu/1b-OF
T is in OR
P is in psia

Equation (7) was then compared with a psychrometric chart for Hy-H,0 at 60 psia
total pressure (intended rating pressure). An average error of 15% in the
second term of equation (7) was noted for specific humidities from 0.5 to 3.0.
This error is the result of small deviations of the components from perfect

gas behavior and the magnification of this error caused by the steep slope of
the saturation curve around the operating point. Consequently, the second
term of equation (7) is multiplied by 1.15 in the programs to improve accuracy
in the primary operating range.

This modified equation is directly substituted into the fluid nodal point heat
summation equations where Ty, and T,,t are the fluid boundary saturation
temperatures of the section of tube under consideration.

The complete derivation of the equations presented in this section is contained
in Appendix A-5.

3.2 Fluid Dynamics

3.2.1 Film Stability

The ability to accurately design and/or analyze a direct condenser-radiator
requires insight into two-phase pressure drop phenomena which, in turn, requires
a method(s) of flow regime prediction. As an example, consider the drawing
shown on the following page:

17
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This sketch shows all the flow regimes likely to occur in a through-flow space
radiator-condenser. Intuitively, one can say that the pressure drop correlations
for the various flow regimes are not identical and analysis and testing bears
this out. The assumption of a single correlation may lead to gross errors in
pressure drop prediction. It 1is, therefore, necessary to not only analyze
methods for predicting two-phase pressure drop, but prior to this, to investigate
methods of flow regime determination. Involved in this latter technology is the
consideration of film stability since it is the instsebility of the film that
trips the flow from pure annular to transition flow, and the growth rate of the
waves which determines the transition length to fog flow.

Basically, two types of film instabilities may affect the performance of space
condenser-radiators. The first is known as the Kelvin-Helmholtz (inertia and
surface tension) instability and the second is the Schlichting-Tollmien (inertia
and viscosity) instebility. Both are characterized by the breakup of a wall-bound
film and trensition from annular to sprey annular and/or fog flow (dispersed
condensate). The present state-of-the-art is not sufficient to predict the

point of neutral stability (start of transition flow) resulting from a cambined
effect of both of the above instabilities. Consequently, it will be assumed

that each of the film instabilities act, and can be investigated, separately.

First, examine the Kelvin-Helmholtz phenomena. Reference 20 shows that the
flow of a wall-bound film reaches neutral stebility at a film Weber number defined

as
2
f [ S,
8T
of 3.0. The film Weber number can also be expressed as

T T

From equation (8) it can be seen that for certain values of initial vapor Weber
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number, (WV ), neutrel stebility will not be achieved for any value of quality,
(X), and this type of instebility will not occur.

For the Schlichting-Tollmien instebility to cause & wall-bound fluid to reach
neutral stability, Reference 20 shows that the film Reynold's number defined as

- 5P Uy
Re -1 e
M

has to reach a value of 200. The film Reynold's number can also be expressed

as:
Rf=(D_2;) Ry, (1 - %) %‘; (9)

It can be seen from equation (9) that, as with the Kelvin-Helmholtz phenomena,
the Schlichting-Tollmien instsbility msy never occur in a condenser having
certain inlet vapor Reynold's number values.

In the following analyses, it will be assumed that the neutral stability point
will occur when the film Weber number reaches a value of 3.0 or when the film
Reynold's number reaches a value of 200.

Once a neutral stability point, Ly,, has been determined, it will be necessary
to find L*, the point at which the instability manifests itself as a change in
fiow regime from annular to spray annular and/or fog flow. To do this requires
examination of the film growth rate. Starting with a wave growth and a wave
propagetion equation (Reference 21):

—oc., 2 a6
B i

dL=ua(B +1) 40 +0 ( 4Cr +1) au,,
Uy dU,

&

the following relationship for L*/Ln can be derived (see Appendix B-2):

() (][ ()" 2]

*
As an example, from Reference (22), ln(g... = 12 when there are no external film
disturbances. Also from References Bn 20 and 23, Oy = 0.02
(Schlichting-Tollmien). Using water at 500°F Ff//ovs = 30, find L"/Ly.
Substituting into equation (10): '

*
Lc/Do = 100 L /L =1.105
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Lo/D, = 200 L*/L, = 1.0512

*

For source of disturbances such as manifold turbulence, ln B /Bo'<: la*and
L*/Ln will be even closer to unity. Based on this example, the ratio L /Ln is
assumed to equal unity in the programs.

The behavior of the fluid past the point of film breakup also requires investi-
gation. Past this point, the liquid film builds up beyond the neutral stability
1imit to & value determined by a balance between the spray deposition rate and
the entrainment rate as follows:

Ko (1 - Xe) G = %Occi U ’—Zi (11)

Equation (11) comes from Reference 2.

The growth rate factor, eC
number and should have a

i’ is a function of the liquid film Reynold's
value in excess of an if CXSCi > O.

Figure 5 sketched from Reference 21 shows the situation.

The state-of-the-art is insufficiently developed for accurate determination of
the growth rate factor or the equilibrium film Reynold's number in the
spray-annulaer flow regime, therefore, limiting situations should be taken into
consideration. These are as follows:

1. All of the liquid phase is on the wall.
2. All of the liquid phase is entrained (fog or homogenous flow).

Based on Figure 5, the true solution is believed to be closer to limiting
condition (2), that is, past the neutral point fog flow exists. This assumption
is used in all the programs.

3.2.2 Two-Phase Pressure Drop
3.2.2.1 Single-Phase Friction Factors

For turbulent flow of a single-phase fluid, the friction factor depends on the
Reynold's number and the relative roughness of the conduit surface. In

1eminar flow (Re < 2000) and transition (2000 < Re < L4000) flow the friction
factor, however, depends only on the Reynold's number. (These Reynold's numbers
used to separate flow regimes may vary somewhat depending on whose data is used,
but these are the limits assumed in the programs.) If data for flow in smooth
pipes in the turbulent regime (Re ==L4000) is used, the following expressions
for friction factors for flow in circular pipes can be derived by curve fitiing
of data presented in Reference 10.
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For laminar flow (Re < 2000):
£ = 64 Re”1*0

For transition flow (2000 « Re < 4000): (12)
£ = .00277 Re*322

For turbulent flow (Re == 4000, smooth pipes):

T = 0316 Re-.es

Equation (12) (known as the Moody friction factors) ere used in the pressure
drop calculations in all of the programs.

3.2.2.2 Frictional Pressure Drop Modulus, @ 2

v
Based on the findings discussed in Section 3.2.1, the following flow patterns
are possible in the radiator-condensers considered in this analysis: pure
enmular flow from tube inletto point of neutral stability (W, = 3.0 and
= 200) followed by fog or homogeneous flow, i.e., completely dispersed
condensate (We > 3.0 or R¥ > 200) up to end of the condenser. As mentioned
in Section 3.2.1, the point of neutral film stability may never occur within

the condensing length and pure annular flow may exist throughout the entire
condenser.

In analyzing two-phase frictional pressure drop, it is convenient

BEsuUre arop;

the Lockhart-Martinelli frictional pressure drop modulus , defined as:

&2 (P/AL)rp (Two phase friction)
v (aP/dL)

introduce

v (Vapor only friction)

vhich is a measure of the influence of the l%quid phase on the loss in pressure
due to friction. With no liquid present, equals unity. The difficulty
in solving for (dP/dL)pp lies in v determining the proper
consistent with the existing two-phase flow pattern. The value for v
(dP/dL )v can be readily determined from the bare tube vapor only relationship:

(d.P) = f Pv Uy,

1
= v — =
dI.v 2gc D

Based on the assumed two-phase flow regime model, the first flow pattern to be
investigated is annular condensate flow with a pure vapor core. Within this
section of condensing tube, four possible single phase flow regime combinations
might exist: 1) laminar film and laminar core; 2) laminar film and turbulent
core; 3) turbulent film and leminar core; k) turbulent film and turbulent core.
Data from Colburn (Reference 13), however, shows that the flow pattern of a
condensate film propelled by vapor drag changes from laminar to turbulent for
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values of film Reynold's numbers of approximately 200 which coincides with the
assumed point of neutral film stability. Therefore, only expressions for

for laminar film with either laminar or turbulent vepor core need be v
derived.

If a smooth liquid-vapor interface is assumed, the influence of the liquid
phase on the loss of pressure in the annular region can be assumed to be due
only to the reduction in dismeter of the vapor passage.

2
For a laminar liquid film with laminar vepor core, & can now be expressed as:
v

%i =(%2_) k.0

vhere the expression for(g—) is:
2

(2) -2 (3)" + & - |[(E(B(F (5] o0

2 2 2

An spproximate solution of equation(l3) for D/D which 1is used in the program
and which results in negligible error for the ranges of D/D2 expected is:

- [ (206 (5]

For a laminar film with turbulent vepor core § v is derived as:

-5

where the expression for D/D, is:

(%;) 1.875 _(%2_) 875 (fRe) ( )(jﬁi) <%) 1/2=0(15)

An spproximate solution of equation (16) for D/D, which is used in the programs
and which results in negligible error for the ra%ges of D/D2 expected is:

5o [EREE) F)] 0] e

Deviations of equations (13) through (16) and errors resulting from the
approximaste solutions of equations (13) and (15) are presented in Appendix B-3.
For the fog or homogeneous two-phase flow regime assumed to exist from point
of neutral film stability to the end of the condensing section, the following

expression for @2 is epplicable:

v
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@2 - x~P (17)

v

This, as stated in Section 3.2.1, assumes negligible amounts of condensate on
the tube wall. The derivation of equation (17) is presented in Appendix B-3.

The two-phase pressure moduli @2 > presented in this section are used in all
the two-phase pressure drop v celculations in the progrems.

3.2.3 Secondary Pressure lLosses

For the type of radiator-condensers considered in the computer progrems, the
total overall change in static pressure between inlet and outlet of the
condenser be subdivided as follows:

1. Inlet header frictional pressure loss.

2. Header-to-tube turning and entrance loss.

3. Two-phase frictional condensing pressure drop.
4, Pressure rise due to momentum recovery.

5. Frictional pressure loss in liquid subcooling leg (if applicable).

T. Exit leader frictional pressure loss.
the two-phase frictlonal loss has been covered in Section 3.2.2.

All the inlet headers (and the outlet headers for the fuel cell and primary/ second-
ary designs) should be designed for constant static pressure at the inlet of
each tube. This is done by creating a momentum pressure recovery in the header
between tube inlets equal to the header frictional pressure loss between the
tubes. This momentum pressure recovery is accomplished by causing a velocity
reduction along the header as the flow proceeds from the inlet to the outermost
tube. (The momentum pressure recovery analysis is discussed later in this
section.) This type of header, though, usually results in a design very close
to that of one with a constant vapor velocity. This similarity, combined with
the simplicity of a constant velocity header, prompted the use of the latter
in the programs. The velocity used in the headers is the same as that in the
inlet (or outlet) of the tubes. The frictionsl header losses, then, are
calculated as though the average condition in the header exists throughout

its length.

The entrance and exit losses from header to tube and tube to header are taken
as one velocity head in the tube at that point. This assumption is based on
data presented in Reference 25.

23




TRW EQuIPMENT LABORATORIES

The momentum pressure recovery can be determined with the aid of the following
sketch:

F
~—
P, Uy, 4y P + dp
my +dmy, my +dm
Thys Ty U, +auy, U +dU{’

This sketch shows an incremental length of a condenser tube. Writing a
momentum balance:

< F
ZF

il

(ml +dml)(U1 +dU1)+(mv+dm,,) (Uv+duv)-m£U£ - m,U,
d(mlUl)+d(vav)=Ad.P

where now dP is the pressure change due to momentum change, then:

Ad.P=d(mU)’Q +d (m U),

In the case of complete condensation (1liquid/vapor interface):

2
APpon =A E_U") 1
&
v !
\

Initially, at the condenser inlet, there is no liquid present (X =22 1.0) and
at the interface the liquid velocity is assumed zero; therefore, there is no
change in liquid momentum. Furthermore, since there is no vapor momentum at
the interface (zero velocity and flow rate) the momentum pressure recovery
becomes:

2
AP =< fUin ) (18)

mom
&c

v

Since APy, has a positive sign, it indicates a pressure rise according to
the sign convention of the sketch.

In the case of the primary/secondary design or the fuel cell condenser where no
liquid./vapor interface bridges the tube, some assumption must be made with

regard to the liquid velocity. In both cases, it is assumed that it is travel-
ing at the same velocity as the vapor core. As a result, there is no momentum
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recovery in the primary condenser since it has a constant vapor velocity
throughout the tube and the loss in flow rate of the vapor is gained by the
condensate.

In the case of the fuel cell radiator condenser:

AAP = A(m U)l + A U)v
= o-mo(l-X)Uc,ut]-o-[moUin-Xe mOUout]
reducing: 2
Pv Uin Iov U:Ln Uout
APmm = - (19)

&c &

These momentum pressure recovery terms, then, equations (18) and (19), are
used in the appropriate pressure drop equations in the progrems.

In all cases, frictional losses in the subcooler are assumed negligible due to
the normelly low velocities experienced here.

3.2.4 Flow Instability

In multiple-tube condensers two types of flow instability may occur: single
tube instability and/or multiple tube instability. These instabilities, their
causes and prevention, are discussed in the following parsgreaphs.

This type of instability is caused by a low drag force exerted by the flowing
vapor on the condensate. With flow in mmnaeition +a an awbasend tody foics,
this drag must overcome the external force with some excess to accelerate the
condensate to the condenser outlet. In zero g operation » this drag must move
the condensate along the tube wall at a rate fast enough to prevent bridging

of the film, a symptom of instebility. If this drag force is insufficient R

the condensate flow rate in the tube will oscillate and eventually the tube may
fill with condensate and system instability will result. Appendix B-4 exsmines
the vepor velocity necessary to produce a sufficient drag force on the condensate
in an acceleration field (flow against gravity). This analysis concludes with
the equation:

1/3
n(s/! m!&) ___5 P, W, Amuy (20)

2
T g 2 & WDALg,

Equation (20) represents the minimm vapor velocity necessary to transport a
condensate film against an acceleration force of n "g's". It can be seen
that should n = 0, then Vy = O which is obviously not true. However, deter-
mination of the velocity, in this case, is beyond the present state-of-the-art
and the best approach is to use some low value of n, say 0.05 s in designing
for zero g.
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Equation (20) is contained in the programs and the value of n is solved for
and is included in the outputs.

3.2.4.2 Multiple Tube Instability

This type of instability is also characterized by a filling or an emptying

(of condensate) of a single tube in a parallel tube arrsy but, in this case,

is caused primarily by an insufficient frictional pressure loss in the condenser.
Basically, this pressure loss has to be greater than the momentum pressure
recovery and any static head which may be experienced in the condenser. Appendix
B-5 is a discussion of this mode of instebility. The appendix expresses the
relationship:
2 G§ Ly fo n (

which expresses the flow conditions necessary to insure parallel tube stability.
Equation (21) is applicable to zero "g" (n = 0) but not to fuel cell radiators
where complete condensation of the incoming mixture 1s not accomplished. In the
latter case, the simpler form of equation (21), i.e., AP >0 is used. Both
forms of equation (21)are included in the programs.

3.3 Primary/Secondary Concept

Geometrically, this type of radiator consists of a multiple tube radiator
upstream of a single tube radiator. It has application to high (~ 1.0 g)
acceleration fields where the gravitational direction is arbitrary to the extent
that it may require condensation with flow in opposition to an external body
force. :

The multiple tube (or primery condenser) portion accepts a high quality of
superheated mixture (from the turbine or compressor) and discharges a low
quality mixture to the single tube (or secondary) condenser. The secondary
condenser accepts this low quality vapor and delivers subcooled condensate to
the pump or expansion valve. In both radiators, the tubes are tapered to
meintain a high vapor velocity which is necessary for stable operation in
"negative" g fields. This multiple/single tube configuration combines the
lighter weight of the former with the higher stability of the latter. A sketch
of the concept is shown Oon the following page.
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There are many independent variables to consider in this design, the most
significant of which is the outlet quality of the primary condenser. If a
high outlet quality is designed into the radiator, the stability margin is
increased but the weight is also driven up. The reverse is true in the case
of a lower outlet quality. In the design program, this quality is taken as
12%% based on previous optimization experience on the Sunflower I progream
(Reference 26). A detailed analysis of the concept as well as the basis of
this and other assumptions is contained in Appendix B-6.

As part of the primary/secondary design computer program, a single tube
subcooler is designed using the same fin as the secondary conden=ser. This
subcooler design is performed for information only, since a subcooler of this
type is not compatible with high negative acceleration field. Cavitation in
the subcooler might occur as well as lowering of the pump Or expansion valve
inlet pressure (due to static head losses) below the minimm required for
operation. In actuality, this subcooling should be accomplished indirectly

in a short length to prevent this maloperation. It is important that this
qualification be observed when using the results of the primary/ secondary design

rogram.
progr condenssate '
LI f
tapered tube \ secondary
N condenser

and subcooler
iow quality
mixture at this point

= b

fin -
— | t
tapered tubes —
primary
condenser

high quality or *
superheated vapor

Primary/Secondary Concept
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4,0 PROGRAMS DESCRIPTION

L.l Design Programs

The basic method utilized in the design programs is to design a series of
radiator condensers for all possible combinations of tube diameter, tube
number, and fin width as instructed in the input. For instance, a portion of
the input dats is the minimum, maximm, and incremental tube number, tube
diameter, and tube spacing to be considered. Although this input requires
some knowledge of reasonable limits, this 1s not a severe restriction since
experience usually provides this. In the event the user does not possess this
experience, extremely wide limits with small increments may be used, but this
may result in a higher computer rental cost. As an alternative, wide limits
with large increments followed by a run with narrower limits (based on initial
runs) and smaller increments may be used to conserve cost. In any case, the
user chooses the radiator design best suited to his requirements (usually
lightest weight) from the output data. This output data includes all the
geometric characteristics of the radistor in addition to weight.

In addition to the inputs mentioned sbove, the construction material and fluid
properties (except in the case of the ~Hy0 fuel cell radiator) are required.
These may be obtained, for all reasonable fluids and construction materials,
from the Materials Manual, TRW ER-6756. Also required as inputs are the
tube/fin and panel configuration (i.e., open sandwich, triform, etc.). The
thermal environment must also be supplied as either a sink temperature or
combinations of thermal and solar heat flux and absorptivity. And lastly, the
flow conditions, i.e., flow rates, pressure drop, etc., must be known.

Optional inputs are:

1. Multiple sink temperature iteration. More than one sink temperature
(or combinations of heat fluxes and absorptivities) msy be inputed
and the programs will design a series of radiators for each tempera-
ture (or set of combinations) and then automatically proceed to the
next.

2. Minimum fin efficiency. A minimm fin efficiency of O.4 is observed
unless geometric limitations are specified. In the latter case, a
minimm of 0.0 is used. In either case, a maximum of 1.0 is observed.

3. Meximum and minimum condenser length, condenser width, and fin
thickness. These may be specified, but if none is, no limit is
observed by the programs,

L. Tube well thickness. This may be specified in the imput, but if it is
not, the tube wall will be calculsted from meteoroid protection
requirements which means that mission time and the desired probability
of no meteoroid penetration must be given.
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The programs use the results of the thermodynamic and fluid dynamic analyses

of paragraphs 3.1 and 2.2 and Appendices A and B. In addition, the stebility
analyses of paregraph 3.2.4 and Appendix B are used to calculate the limiting
acceleration field in which single and miltiple tube stability can be maintained.

The basic operation of the design programs follows this sequence:

Tnput Data

!

Tube Length Based on Allowable Pressure Drop

!

Fin Thickness Based on Heat Rejection |

f

Condenser Geometry and Weight |

In the calculation of heat rejection and pressure drop, the condenser is assumed
to be broken into three longitudinal sections with constant conditions in each
section. If a subcooler is present, it is thermally divided into two parts.

The following parsgraphs treat each of the design programs in more detail.
4,1.1 Fuel Cell Design Program

Figure 6 is an information flow diagram of the fuel cell design program. In
this type of radiator, e two component mixture of hydrogen gas and water vapor
enters and a mixture of hydrogen gas, water vapor and water condensate is
removed. As such, there is no liquid leg or subcooler to consider. For the
purpose of heat transfer and pressure drop calculation, the condenser is divided
into three equal longitudinal sections and the conditions at the center of each
section are assumed to exist throughout that entire section.

The program operates in the following sequence:
l. The first combination of tube diameter, tube number and fin width is
chosen, and the inlet and outlet flow conditions determined fram the
inputs. The sonic velocity check is made.

2. The inlet and outlet headers are designed assuming the same mixture
velocity as at the inlet and outlet of the condenser tubes, respectively.

3. The header pressure drops and momentum pressure recovery are calculated

and subtracted from the overall pressure drop allowance. This yields
the two-phase frictional pressure drop.
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L. DNext, the multiple tube stability check is made.

5. The condenser length is calculated from the allowable two-phase
pressure drop, assuming average flow conditions exist throughout the
length of the tubes. This step requires calculation of core and film
Reynolds numbers, film Weber number, friction factor, and two-phase
pressure drop modulus.

6. At this point, the length limitation check (if any) is made, the
single tube stability check is made, and the tube wall thickness is
determined (if not an input) from meteoroid protection.

T. The total condenser width and area are calculasted and the width
limitation check (if any) and fin efficiency check are msade.

8. The fin/tube and panel blockage factors are determined.

9. Using the inputs and calculated quentities applicable, including the ‘
condenser length determined from assuming average conditions, the fin
thickness 1s calculated from convective heat transfer from fluid to
tube wall, conductive heat transfer to and through the fins, and radiant
heat transfer to space. This step involves the computer solution of
a 21 x 21 matrix (three sections with one fluid temperature, two tube
temperatures and four fin temperatures per section). Longitudinal
conduction in the fins and tubes is tsken into account. The thermsal
environment of space is also considered.

10. The fin thickness limitation check (if any) is made.

11. The flow conditions at the center of each section are determined and
a new dismeter which will satisfy the allowable two-phase pressure
drop allowance is made. Again, this requires calculation of the same
parameters (in each section, this time) as in step 5. This correction
is usually very small and results in a tube dismeter close to the
input diameter.

12. Since this new diameter causes a change in the vulnerable tube ares,
a correct wall thickness from meteorold protection requirements is
calculated (again only if not specified in the input).

13. Finally, the total condenser area and weight are calculated and the
program returns to the next combination of tube diameter, tube number,
and fin width and repeats the process until the supply is exhausted.

4.1.2 Isothermal Design Program

Figure 7 is an information flow diagram of the isothermal design program. In
this case, a superheated or high quality vapor enters the radiator and subcooled
condensate is removed. For the purpose of heat transfer and pressure drop,
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the condensing portion of the radiator is divided into three parts and the
subcooler into two. No conduction between the condenser and subcooler is
considered. (However, this heat flow path is taken into account in the isothermsl
performance enslysis program. )

This program operates in the following sequence:

1.

2.

3-

7.
8-

The first combination of tube diameter, tube number, and fin width is
chosen and inlet flow conditions determined from the imputs.

The sonic veloclty check is made.

The inlet header is designed, using the same velocity as at the inlet
of the condensing tubes, and the header pressure drop calculated.

The heeder pressure drop and momentum pressure recovery are subtracted
from the overall pressure drop allowance to yleld the allowable
two-phase pressure drop.

If the radiator panel geometry is a cone, an approximate subcooler-to-
condenser length ratio is calculated (based on heat rejection rates
and root temperatures) and from this, a f£in width at the interface is
determined.

By determining the flow conditions at the center of each of the

condensing sections and assuming that condition exists throughcut that
section, the total condensing length is calculated from the allowable
two-phase pressure drop. This requires the calculation (in each
section) of core and film Revnold's mumbers. film Weber number,

friction factors, and two-phase pressure drop modulus.
The single tube and multiple tube stability checks are made.
An approximate subcooler length is determined.

An approximate tube wall thickness is calculated for meteoroid protection
(if not fixed in the inputs) and the condenser width and radiation
blockage factors are calculated.

The width limitation check (if required) and fin efficiency checks are
made.

Using the inputs and calculated quantities applicable including the
calculated condenser length, the fin thickness is determined from
convective heat transfer from the fluid to tube wall and radiant heat
transfer to space. This step involves the solution of a 7 x 7 matrix
(a single section with two tube temperatures and four fin temperatures
plus an additional total heat loss equation). Longitudinal conduction
along the fins and tubes is not considered since the process is
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essentially isothermel. The thermal enviromment of space 1s
considered.

12. The fin thickness limitation check is made, if required.
13. A subcooler convection coefficlent is calculated.

14. An exact subcooler length is determined. This requires the solution
of a 14 x 14 matrix (two subcooler sections with one fluid temperature,
two tube temperatures, and four fin temperatures per section).

15. An exact total length 1s calculated and the tube wall thickness is
corrected (again, if not an input) for the small change in vulnerable
area as a result of the difference in the corrected and approximate
subcooler lengths and their effect on vulnerable area. The length
limitation check is made, if required.

16. The total condenser area and weight are calculated and the program
returns to the next combination of tube diameter, tube number, and fin
width and repeats the process until the supply is exhausted.

4.1.3 Primary/Secondary Design Program

Figure 8 is sn information flow diagram of the primary/secondary design program.
This design is similar to the isothermal design in purpose, but the geometry

is that of a single tube condenser-radiator downstream of a parallel tube one.
The parallel tube portion (or primary) asccepts a superheated or high quality
mixture and discharges a low quality mixture. The single tube portion (or
secondary) accepts the low quality mixture, completes the condensing, and

re jects the heat of subcooling the condensate. This condenser radiator concept
finds spplication where direct condensing against a high "g" field is required.

The program operates in the following sequence:

1. The first combination of tube diameter (at inlet to primary condenser),
tube number, and fin width is chosen and the inlet and outlet flow
conditions (of the primary condenser) determined. (In this program the
outlet quality of the primary condenser is kept constant at 12.5%.)

The sonic velocity check is made.

2. The inlet and outlet headers of the primary condenser are designed.

3. The header pressure losses and momentum recovery are calculated and
subtracted from the overall drop listed in the inputs. Two thirds of
this difference is allotted to the primery condenser (based on experience
for optimized radiaxors). The remaining one-third is allotted to the
secondary condenser.

4. Next, the primary condenser length is determined by assuming constant
conditions in each of the three longitudinal sections of the condenser.
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7'

9.

10.

12.

Again, this requires calculation of core and film Reynold's numbers R
film Weber number, friction factor, and two-phase pressure drop
modulus. The length limitation check is made. The gravitational
capability is determined.

The secondary condenser length is determined from the remaining
pressure drop essuming fog flow. This assumption is based on the high
condensate flow rate which will cause a high film Reynold's number

and resultant fog flow. Since multiple tube stability is not a
problem in the secondary condenser, its fluid velocity msy be half of
that used in the primary condenser without a decrease in the stability
mergin,

The subcooler length is determined (assuming the same f£in width and
thickness as in the secondary condenser) from the sensible heat
re jection requirement.

The tube wall thickness is calculated from the meteoroid protection

requirement, unless listed in the input, and the primary condenser
width and area calculated.

The width limitation check is made, if required, and the fin efficiency
check is made.

The primary condenser fin thickness is then ecaleulated based on the
heat rejection requirements. This step involves the solution of a

Tx T tube/ﬁn matrix (no longitudinal conduction). The fin thickness
check is made.

Next, the fin width for the secondary condenser is calculated assuming
an optimum weight fin (e~ 57% efficient).

The secondary fin thickness is then calculated using the same matrix
as in step 9.

The total condenser area and weight are then calculated. The program
returns to the next cambination of tube diameter, tube number, and fin
width and repeats the process until the supply is exhausted.

k.2 Performance Analysis Programs

These programs are intended to define the performance of an existing radiator
under conditions other than those assumed in its design. As such, it is
necessary that the complete gecmetry and fluid and material properties are known
and the problem is to define the outlet conditions that will satisfy the heat
transfer capability of the fins. (In the isothermal condenser, an additionsl
problem of determining the pressure level exists.) Once the outlet condition

is determined, the pressure drop is solved. Throughout the program the sonic
velocity limitation and stability criteria discussed in paragraph 3.2.4 are

observed.
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An additional capability of being able to consider up to twelve similtaneous

sink temperatures exists in the performance analysis programs. These sink
temperatures (or combinations of heat fluxes and absorptivities) are needed

as inputs. The programs then balance weight flow, pressure drop, and in the

case of the isothermsl condensers, condensing length, for each sink-temperature
affected set of tubes, until the necessary equations are satisfied. Further-
more, the performance programs will automstically control to an outlet tempera-
ture, if desired, by segmentation and, in the case of the isothermal condensers,
proportional bypass. Lastly, the isothermal case can consider constant inventory
or constant pressure condensers.

The basic operation of the performance analysis programs follows this sequence:

e — — — — — == Inputs

!

Outlet Conditions
Based on Heat Rejection Capability

{ Pressure Drop |
T

Y
Outlet Temperature Control
Requirement and Pressure Drop Balance

Not OK 0K — >4 Done
: | >

y
Adjust Flow Distribution by
Segmentstion and/or Bypass

—— — e— e

———— 1if required
The same geometric breakdown as in the design programs, i.e., three sections in
the condenser and two in the subcooler, if spplicable, is used here. Longi-
tudinal thermal conduction from the condenser to the subcooler is also considered
in the analysis programs, again, if applicable.

The following paragraphs treat the two performance analysis programs in more
detail.

4,2.1 Fuel Cell Performance Analysis Program

Figure 9 is an information flow diagram of the fuel cell performance analysis
program

This program is limited to hydrogen gas/water vapor working mixtures and will
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autamatically segment to prevent freezing or to control an outlet mixture
temperature, but does not consider proportional bypass of the radiator.

The program operates as follows: (In the following steps, it is assumed that
more than one sink temperature is to be considered at a single time. In the
event only a single sink is to be considered, some steps are obviously
bypassed. ):

1.

2.

3.

7.

The inlet saturation tempersture is calculated and checked against
the value of the outlet temperature to be met, if any. The inlet
saturation temperature must be higher or the run is rejected and an
explanation given.

The mixture velocity at the inlet of the tubes is calculated and
campared with the sonic velocity. If the Mach number is greaster than
the maximum specified, the run is rejected and the Mach number noted.

The first sink temperature is chosen and compared with the inlet
saturation temperasture. If the sink temperature is higher, the
outlet temperature of the radiator is assumed to be equal to the

inlet saturestion temperature, and the program proceeds to (5) below.
This has the effect of assuming removal of the sensible heat of the
mixture but no latent heat. If the sink is below the inlet saturation
temperature, the progrem proceeds to the next step.

A temperature msp of the radiator is generated in g 21 x 21 mabrix
(seven nodal points in each of three longitudinal sections). The
solution ylelds the temperatures at the center of each of the three

sections and the outlet temperature.

The pressure drop 1s calculsted assuming constant conditions throughout
each of the three sections (but different conditions in each section).
This involves determination of film stability, flow regimes, and
two-phase pressure drop modull as in the design programs. This includes
the case where the sink temperature is higher than the inlet saturation;
one-third of the sensible heat is assumed to be lost in each section.

The pressure drops through each sink-temperature-affected set of tubes
is then examined and the flow rates adjusted to produce equal pressure
drops. (This is not done if only one sink temperature is to be
considered.)

A check is made of the outlet temperature of each sink-temperature-
affected set to see if any tubes are frozen. If they are, segments

sre antomatically removed in the reverse order of the imput listing
until the freezing condition is alleviated (in the case of a segmentable
redistor). If, with a frozen condition, the radiator cannot be
segmented any further, or at all, the program stops and the situation
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is described in an output statement.

8. Then the temperature resulting from mixing the outlet flow from all
the tubes (assuming ideal mixing always on the saturation line) is
calculated.

9. This mixture temperature is compared to the required mixture tempera-
ture, if given. If no mixture temperature is given, the program stops
and the outputs printed. If the actual mixture temperature is lower
than the required mixture temperature, segments are removed, if
possible, in reverse order of the input listing, until the actual
mixture temperature is above the required mixture temperature. The
outputs from each segment combination are listed and the program
stops. The last two combinations, then, will have the closest outlet
mixture temperatures above and below the required temperature.

4.2.2 Isothermal Performance Analysis Program

Figure 10 is an information flow dilagram of the isothermal performance anealysis
program.

This program can consider any fluid condensing isothermally and includes desuper-
heating and subcooling. The program will consider simultaneous multiple sink
temperatures, automatic proportional bypass or segmentation to control the

outlet temperature and constant inventory or pressure regulated condensers.

The program operates as follows:
1. An "average" sink temperature is found from those given.

2. If proportionsl bypass is to be employed, 25% of the flow is assumed
to be bypassed at the start.

3. If a constant pressure condenser is used, an average condensing length
is calculated assuming the "average" sink of step (1). If a constant
inventory condenser is used, the average condensing length is specified
in the inputs.

4, At this point, a check is made to be certain the condensing length of
step (3) is less than the total length. If not, the run is stopped and
the reason printed in the output.

5. Next, a temperature map of the "average" radiator is generated by the
solution of a 33 x 33 matrix. This matrix describes the thermal
behavior of the radiator including all longitudinel conduction, space
thermal environment, and panel and tube/fin blockage factors. Five
longitudinel sections are assumed, three in the condenser and two in
the subcooler. Four fin and two tube nodal points per section are
used in the condenser and four fin, two tube, and one fluid nodal
point per section are used in the subcooler. One additional heat loss
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0

10a.

1ob L d

equation makes up the 33 x 33 matrix. The solution of the matrix
Yylelds the outlet subcooling temperature and the condensing temperature,
if it is not specified.

Next, the pressure drop is calculated, assuming, as in the other cases,
constant flow conditions throughout each of the three longitudinal
sections. As in the other cases, this pressure drop involves calcula-
tion of film conditions, flow regimes and two-phase pressure drop
moduli as well as header, entrance and momentum pressure losses. The
sonic velocity check is made, but the run is not stopped if the Mach
number is greater than the maximmm specified since further bypass or
segmentation may rectify the situation.

At this point, if there is only one sink temperature and no segmenta-
tion or bypass is to be considered, the program is finished and the
output printed. If there is more than one sink temperature , the
pressure drop/mass flow/sink temperature/condensing length relationship
of the average case is entered into a matrix which contains pressure
drop, flow rate, condensing length, and sink temperature relationships
for each sink-temperature-affected series of tubes. Solution of this
matrix yields the individual values of the two dependent variables
(condensing length, flow rate) for equsl pressure drops and equal

condensing temperatures in all the sink-temperature-affected series of
tubes.

Each of thege ceta, than. 1c win +hwmish atans (2)

ViSS DT CU VL) Wil A0 A WAL VUL VURLL 2 e o

for the specific rather than the average case.

(LY —va 723
> {3), (&) and {5)

If no outlet temperature is to be matched. this is the end of the
simple multiple sink case, and the outputs are printed. If an ocutlet
temperature is to be matched, the actual mixture temperature (obtained
by mixing the outlets of all tubes plus the bypass, if any) is compared
with the required mixture temperature.

If proportional bypass is called for by the inputs, the bypass is

ad justed to give this required temperature and the program returns to
step (3). This is repeated until the outlet mixture temperature is
within 1% of that called for in the input. At this point the outputs
are printed.

If segmentation is called for in the input, the present mixture temper-
ature is compared to that required. If the former is higher, the
program is stopped and the present performsnce printed in the outputs
because no improvement cen be made. If it is lower, segments are
removed, one by one in the reverse order of the input listing (each
time going back to step (1)), until the actual mixture temperature is
sbove that required or no more segments are left. At this point , the
result of the segment cambinations examined are printed in the output
and the program is completed. The last two cambinations will provide
the closest outlet mixture temperatures above and below that required.
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5.0
(a)

(b)

(e)

RECOMMENDATIONS

The programs developed herein do not consider single phase non-isothermal
rejection of heat in space. This mode of waste heat radiation finds
application in all indirect heat rejection systems as well as Brayton
cycle power systems employing direct heat removel. A modification of

the fuel cell programs developed on this contract would result in computer
progrems capable of this consideration at an economical cost.

Expansion of the present programs to include system characteristics would
be valuable. Since, in most systems, the components act as a feedback
loop on the radiastor, a radiator-condenser component analysis is limited
in significance.

Consideration of transient performance of radistors and/or radiator systems
presents an accurate picture of the physical happening. It is recommended

that these programs be expanded upon to include the transient effect either
singly or in conjunction with (b) above.
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6.0 DESIGN PROGRAMS

There are three direct radiastor-condenser design programs: -H,O0 Fuel Cell
Direct Radiator-Condenser, Isothermal Direct Radiator-Condenser with Subcooler,
and Isothermal Primary-Secondary Direct Radiator-Condenser with Subcooler.

6.1 Independent Variables

Four independent variables have been chosen in the design programs. They are:
1) inside diameter of condenser tube at inlet, 2) number of tubes, 3) fin
half-width, and 4) sink temperature or solar and thermal incident radiation.
With other inputs specified, the design progrems will investigate and design,
if possible, a number of radiators equal to the number of possible combinations
of 1), 2), 3) end 4) sbove.

Ranges of the inside diameter of condenser tube at inlet, tube number, and fin
half-width are specified by giving a minimm value, a maximum value, and a value
for an incremental step change. Different thermal environments are specified
by different sink temperature values or different pairs of incident solar and
incident thermal radiation.

The incident radiation to be entered in the input is the total thermal or solar
energy intercepted by the total radiating area. In the case of a flat plate,

for instance, the energy intercepted by one side of the radiator is added to that
intercepted by the other and the sum is divided by the total (both sides) area.
Sink temperatures and incident heat fluxes cammot be mixed for any one set of
inputs; for example, if the user specifies the first environment with a given
sink temperature, he cannot specify subsequent environments with incident
radiation in the same set of imputs.

6.2 Geometric Configurations

Tube-fin configurations, panel configurations and working fluid class are included
in the input through the code word PUNT. For the values for PUNT refer to

Figure 11. For exemple, from Figure 11, a radiator having a closed sandwich,
cruciform configuration and using water as the working fluid, the number for

PUNT would be 3412. If the user requires a closed sandwich cylindrical or conical
configuration, he must specify the "inner fin" thickness and density. In these
cases, the first mumber of "PUNT" must be 2 and the program then treats the design
as an open sandwich (the inner fin neither effects or affects heat transfer) but
the weight of the inner fin is calculated.

If a conical panel configuration is desired, the cone diameters at inlet and exit
have to be specified, thus removing one degree of freedom. The independent
variable becoming dependent is fin half-width. No range of values for this
variable (fin half-width) is, therefore, required. If a range of values is
included, the program will ignore them.

If a segment of a cone is to be designed, equivalent values for DCMIN and DCMAJ
mist be solved for using:
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1
DCMIN :ﬁ:- times the arc length of the segment at the inlet

1
DCMAJ ‘iF' times the arc length of the segment at the outlet

1l

6.3 Optional Geometric Restrictions

Geometric restrictions can be imposed on overall width (circumference in case
of cylinder), overall length (in primary/secondary radistor, maximum total
length and meximum and minimum on primary condenser length), and total fin
thickness (sum of both fins for closed sandwich, except in cylinder or cone
where the fin thickness is of the "outer fin", only). If the user desires to
impose one or more geometric restrictions, values have to be supplied for the
minimum end maximum allowable values for the dimension(s). If e minimum value
is desired, a maximum value must be also given, since the geometric limit tests
are performed only if the maximum allowable dimension is non-zero. The program
will design complete radiators for only those combinations of independent
variables that cause the restricted dimension(s) to fall within the specified
limits.

6.4 Diagnostic Tests

To obtain a complete radiator-condenser design, the programs insure that the
following tests are passed:

Test No. 1 Vepor velocity at tube inlet less than sonic velocity
(single phase).

Test No. 2 Pressure change due to friction is negative.
Test No. 3 Overall length within specified limits (optional).

Test No. 4 Overall width (or circumference) within specified limits
(optional).

Test No. 5 Fin thickness within specified limits (optional).
Test No. 6 Approximate fin efficiency greater than .4 and less than
1.0 (if geometric restrictions are imposed the lower limit

is set equal to zero).

Test No. 7 Calculated gravitational capability greater than specified
value (for primery/secondery program, only), (optional).

Test No. 8 Secondary fin width greater than zero (primary/secondary
condenser, only).
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Test No. 9 Inlet water vapor saturation temperature higher than the
required outlet saturation temperature (fuel cell design
program, only).

Test No. 10 Convergence of matrices for temperature solution.

Failure to satisfy any of the above conditions will cause the program to select
the next combination of independent variebles.

If all, or a majority, of designs fail to pass one or more of the above tests s
ad justments to the input values (excluding thermal environment and allowable
pressure drop) may cause tests to be passed. These ad justments are contained
in Figure 12.

6.5 Ho-Ho0 Fuel Cell Radiator Design Program

6.5.1 TInput Cards and Options
In order to use the Hp-Hp0 fuel cell design program, a set (or sets) of input

data cards must be prepared as follows (options under Sections 6.1, 6.2, 6.3
epply):
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INPUT DATA CARD DESCRIPTION

FUEL CELL DESIGN PROGRAM

CARD
NO.

COLUMN
NOS.

SYMBOL

DESCRIPTION
OR PARAMETER

UNITS

REQUIRED

OPTIONAL
-+

1-80

Identification card (any
alphabetical or numerical
combination)

Number (n) of sink temper-
atures (TS) or pairs of
incident solar (QIS) and
thermal (QIT) heat fluxes
to be considered without
program restart (up to 20
values or combinations)

3 to
n+2
(where
n is
defined
on

card 2)

1-10

When sink temperatures are
given, value for TS; when
incident fluxes are given,
any negative number

11-20

When sink temperatures are
given, zero; when incident
fluxes are given, value
for QIS

21-30

When sink temperatures are
given, zero; when incident
fluxes are given, value
for QIT

1-10
11-20
21-30
31-Lo
41-50

51-60
61-70

71-80

MDG
MDVIN
PM
TIN
TOUT

DPTOT

flow rate of noncondensable
gas,

flow rate of water vapor at
condenser inlet

total pressure

inlet temperature

outlet fluid temperature
of individual segment

overall static pressure loss

thermal conductivity of
tube material

thermal conductivity of
fin material

1b/min

1b/min

psia
°R

psi

BTUh r-£t-°F
BTYhr-ft -OF

E R T <

>

* Riglgt justify in field (all other inputs under decimal control).

+ All cards are required; only entries are optional.
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INPUT DATA CARD DESCRIPTION
FUEL CELL DESIGN PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
L +n 1-10 | RHOF | density of fin material 1b/ft3 X
11-20 | RHOT | density of tube material |lb/ft3 X
21-30 | RHOH | density of header material |1b/rt3 X
31-40 TH given header wall thickness| in X
41-50 ET emissivity of tube coating X
51-60 EF emissivity of fin coating X
61-T0 FSV maximm alloweble Mach X
number of vapor, only
T1-80 DCMIN | diameter of conical £t Cone
penel at inlet
5+n 1-10 DCMAJ | diameter of conical g Cone
panel at outlet
11-20 LCMIN | minimum allowable con- £t X
densing length
21-30 LCMAX | maximum allowable con- rt X
densing length
31-40 | TIF internal fin thickness, in X
closed sandwich cone
or cylinder
L1-50 | RHOIF | density of internal £in /9063 y
material, closed sand-
wich cone or cylinder
51-60 WMAX maximum allowable total £t b 4
condenser width (in
triform three times
single panel width, etc.)
61-70 | WMIN | minimum allowsble total £t X
condenser width
T1-80 TFMIN | minimum allowable fin in X

thickness (both fins in
a closed sandwich
non-cone )
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INPUT DATA CARD DESCRIPTION

FUEL CELL DESIGN PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
6 +n 1-10 TFMAX | maximum allowsble TF in X
fin thickness
11-20 DIINO | smallest value of DIIN in X
to be considered
21-30 DIINF | largest value of DIIN in X
to be considered
31-40 DIIND | increment of DIIN to be in X
considered
41-50 N O minimmum velue of N to be X
considered
51-60 NF maximm value of N to be X
considered
61-T0 ND increment of N to be X
considered
71-80 WINA O| smallest value of fin in non-cone
half-width to be
considered
T +n 1-10 WINA F| largest value of fin in non-cone
half-width to be
considered
11.-20 WINA D| increment of fin half- in non-cone
width to be considered
21-30 TTG given tube wall thickness in X
(will cause bypass of
meteoroid protection
requirement )
31-40 TAU mission time days If TTG=0
41-50 -LNPO | the negative of the "
(must natural log of the
be probebility of no
posi- meteorold puncture in
tive) TAU days
51-60 MEF modulus of elasticity of psi "
fin material
61-70 METH | modulus of elasticity of psi "
tube material
71-80 | ALPHS | solar absorptivity Ir TS
not given
8 +n 1-10 | ALPHT | thermal absorptivity If TS
not given
9 +n 1-4 PUNT (see figure 11) X
*
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Cards 1 through (9 + n) may be repeated for different sets of inguts. The
next identification card immediately follows the last card (PUNT) of the
previous input set.

Radiator material properties should be evaluated near the saturation temper-
ature. In most cases, the temperature value of the specified TOUT might

be applicable. Most material properties do not vary greatly within the
temperature range to be encountered, and an spproximate value gives sufficient
accuracy.

A typical input date sheet for the Fuel Cell Design Program is shown in
Appendix C (Figure C-1).

6.5.2 Output Description

A typicel set of outputs is shown in Appendix C (Figure C-2). A fixed input
data block is followed by groups of outputs headed by a corresponding sink
temperature value. For each cambination of DIIN, N, WINA, a complete radiator
design (consisting of 29 additional values) or the cause of a diagnostic test
failure is given. The nomenclature used in the outputs is listed in the
Nomenclature Section. However, several outputs require additional explanation.

DIINX

This is the actual value of the tube inlet inside diameter for the particuler
rediator design and should be the figure used. TIts value is normally slightly
different from that of DIIN. '

WINX, WOuX

The values for the fin half-width at the inlet and exist headers are equal to
each other and to WINA for all non-cone configurations. In a cone, WINA = O
and WINX # WOUX.

T10, T20, T30

These are saturation temperatures for the water vapor at nodes 10, 20 and 30,
respectively.

MIF

Unless a value for the thickness (TIF) and density (RHOIF) of the "inmer fin"
(cylinder or cone with closed sandwich construction) is specified, this value
is zero.

TTX

—

If TTX is negative (a result of the fins alone, providing sufficient meteoroid
Protections) the affected designs should be rerun with TTG specified based on
strength requirements.
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The output messages of Figure 13 (other than complete radiator designs) will
appear after a particuler combination of DIIN, N, WINA if a radiator cannot be
designed. See Figure 12 for remedies.

6.6 Isothermal Radiator Design Progream

6.6.1 Input Cards and Options

In order to use the isothermal radistor design program, a set (or sets) of input
datae cerds must be prepared as follows (options under 6.1, 6.2, 6.3 apply):
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INPUT DATA CARD DESCRIPTION
ISOTHERMAL DESIGN PROGRAM

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
1 1-80 Identification card (any X
alphabetical or numerical
combination)
2 1-2 Number (n) of sink temper- X
* atures (TS) or pairs of
incident solar (QIS) and
thermal (QIT) heat fluxes
to be considered without
progran restart (up to 20
velues or combinations)
3 to 1-10 When sink temperatures are X
n+2 glven, value for TS; when
(where incident fluxes are given,
n is any negative number
defined
on card | 11-20 When sink temperatures are X
2) given, zero; when incident
fluxes are given, value
for QIS
21-30 When sink temperatures are X
given. awra: vhen inaidant
fluxes are given, value
for QIT
3+n 1-10 PC average condensing pressure| psia X
11-20 TC average condensing temper- R X
ature
21-30 | MDT total flow rate 1b/min X
31-40 XIN inlet quality X
K1-50 DPTOT |overall static pressure psi X
loss
51-60 | TOUT |outlet fluid temperature °r X
of individual segment
61-T0 R gas constant lgﬁfjts X
m
T-80 GAMMA |ratio of specific heats X
of vapor

* Right justify in field (all other inputs under decimal control).

+ All cards are required; only entries are optional.
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INPUT DATA CARD DESCRIPTION
TSOTHERMAL DESIGN PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
L +n 1-10 VISV absolute viscosity of 1b/ft-sec X
vapor
11-20 | VISL | absolute viscosity of 1b/ft-sec X
condensate
21-30 | HFG heat of veporization of BTU/1b X
working fluid o
31-40 | cL specific heat of BTU/1b- F X
condensate
41-50 | RHOL | density of condensate 1b/ft3 X
51-60 | SUFT | liquid-vapor surface 1b/ft X
tension
61-70 | XC thermal conductivity of BTU/hr-ft-F X
condensate
71-80 RHOT density of tube material lb/ft3 X
5 +n 1-10 | RHOF | density of fin material 1b/£t3 X
11-20 | KTH thermel conductivity of BTUhr-ft-OF X
tube material
21-30 KF thermal conductivity of BTU/hr-ft-CF X
fin material
31-40 | RHOH | density of header material | 1b/ft3 X
41-50 TH given header wall in X
thickness
51-60 FSV maximum allowable Mach X
number of vapor, only
61-T70 ET emissivity of tube X
coating
71-80 EF emissivity of fin X
coating
6 +n 1-10 | cv specific heat of vapor BTU/1b-°F X
11-20 TIN inlet tempersture OR X
21-30 TAU mission time deays If TTG=0
31-40 | -LNPO | the negative of the !
(must natural log of the
be probability of no
posi- meteoroid puncture
tive) in TAU days
41-50 | MEF modulus of elasticity of psi "
fin material
51-60 | METH | modulus of elasticity of | psi "
tube material
61-70 TG given tube wall thickness in X
(will cause by-pass of
meteoroid protection
requirement)
71-80 | ALPHS | solar sbsorptivity rf TS not
given
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INPUT DATA CARD DESCRIPTION

ISOTHERMAL DESIGN PR (contimed)
CARD COLUMN DESCRIPTION OPTIORAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
7T+n 1-10 | ALPHT | thermal absorptivity If TS not
given
11-20 DCMIN | diameter of conical panel ft Cone
at inlet
21-30 DCMAJ | diameter of conical panel 't Cone
at outlet
31-40 LTMIN | minimum total length 't X
41-50 LT™AX | meximm total condenser £t X
length
51-60 TIF internal fin thickness, in X
closed sandwich cone
or cylinder
61-70 | RHOIF | density of internal fin 1b/2t3 X
materiel, closed
sandwich cone or
cylinder
T1-80 WMIN minimm allowable total £t X
condenser width
8 +n 1-10 | WMAX | maximum allowable total £t X
condenser width (in
triform three times
single panel width, etc.)
11-20 TFMIN | minimum allowable fin in X
thickness (both fins in
a closed sandwich non-cone)
21-30 TFMAX | maximum slloweble TF fin in X
thickness
31-40 DMIN minimim inside tube diameter | in X
to be considered
41-50 DMAX maximum inside tube diameter | in X
to be considered
51-60 DDEL increment of tube diameter in X
to be considered
61-T0 NMIN minimum value of N to be X
considered
T1-80 NMAX maximum value of N to be X
considered
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INPUT DATA CARD DESCRIPTION
ISOTHERMAL DESIGN PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNTTS REQUIRED +
9 +n 1-10 NDEL increment of N to be X
considered
11-20 WIN minimum value of fin in X
MIN half-width to be
considered
21-30 WIN maximm value of fin in X
MAX half-wldth to be
considered
31-40 WIN increment of fin half-width in X
DEL to be considered
10 +n 1-4 PUNT (see figure 11) X
*
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Cards 1 through (10 + n) may be repeated for different sets of inputs. The
next identification card immediately follows the last card (PUNT) of the previous
input set.

Radiator material and working fluid properties should be evaluated at the average
condensing temperature (TC).

A typical input data sheet for the isothermal radiator design program is shown
in Appendix C (Figure C-3).

6.6.2 Output Deseription

A typical set of outputs is shown in Appendix C (Figure C-4). A fixed input
data block is followed by a statement showing the pump power consumed in the
radiator condenser due to pressure drop. Groups of outputs headed by a
corresponding sink temperature value follow. For each combination of DIIN, N,
WINA a complete radiator design (consisting of 29 additional values) or the
cause of a diagnostic test failure is given. The nomenclature used in the
outputs is listed in the Nomenclature Section. However, several outputs require
additional explanation.

WINXX, WOUXX

The values for the fin helf-width at the inlet and exit leaders are equel to each
other and to WINA for all non-cone configurations. In a cone WINA = 0 and

WINOHWOUXX .

NUE, NPG

The smaller positive or larger negative value of the two gravitational capa-
pilities governs. A negative value indicates that a gravitational force (based
on NUE or NPG) in the direction of flow is necessary for stable operstion.

MIF

Unless a value for the thickness (TIF) and density (RHOIF) of the "inner fin"
(cylinder or cone with closed sandwich construction) is specified, this value
is zero.

TTX

If TTX is negative (a result of the fins alone, providing sufficient meteoroid
protection) , the affected designs should be rerun with TTG specified based on

strength requirements.

The output messages of Figure 14 (other than complete radiator designs) will
appear after a particular combination of DIIN, N and WINA if a radiator cannot
be designed. See Figure 12 for remedies.
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6.7 Primary/Secondary Isothermal Radiator Design Program

6.7.1 Input Cards and Options

In order to use the primary/secondsry radiator design progrem, a set (or sets)
of input data cards must be prepared as follows (options under 6.1, 6.2, 6.3

apply):
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INPUT DATA CARD DESCRIPTION

PRIMARY/SECONDARY DESIGN PROGRAM

NO.

COLUMN
NOS.

DESCRIPTION
OR PARAMETER

UNITS

REQUIRED

OPTIONAL

1-80

Identification card (any
alphabetical or numerical
combination)

1-2

Number (n) of sink tempera-
tures (TS) or pairs of
incident solar (QIS) and
thermal (QIT) heat fluxes
to be considered without
progrem restart (up to 12
values or combinations)

3 to
n+2
(where
n is
defined
on card
2)

1-10

When sink temperatures are
given, value for T8; when
incident fluxes are given,
any negative number

When sink temperatures are
given, zero; when incident
fluxes are given, value
for QIS

21-30

When sink temperatures are
given, zero; wnen inciaent
fluxes are given, value
for QIT

1-10
11-20

21-30
31-4o

43-50

51-60

61-T70
T1-80

average condensing pressure

aversage condensing temper-
ature

total flow rate

inlet quality

overall static pressure
loss

outlet fluid temperature
of individual segment

gas constant

ratio of specific heats
of vapor

psia
OR

1b/min
psi
°rR

by ft/R 1oy

M M MMM MM

* Right justify in field (all other imputs under decimal conmtrol).

+ All cards are required; only entries are optional.
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INPUT DATA CARD DESCRIPTION

PRIMARY/SECONDARY DESIGN PROGRAM (continued)

capability

CARD | COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
L +n 1-10 | VISV | absolute viscosity of 1b/ft-sec X
vapor
11-20 | VISL | absolute viscosity of 1b/ft-sec X
condensate
21-30 | HFG hest of vaporization of BTU/1b X
working fluid
31-40 | CL specific heat of BTU/1b-°F X
condensate
41-50 | RHOL | density of condensate 1b/£t3 X
51-60 SUFT | 1iquid-vapor surface 1b/ft X
tension
61-70 | xc thermal conductivity of BTY/hr-ft-°F X
! condensate
| 71-80 | RHOT | density of tube material |1b/ft3 X
5 +n 1-10 | RHOF | density of fin material 1b/£t3 X
| 11-20 | KTH thermal conductivity of -FtF X
tube material
21-30 | KF thermal conductivity of BTUAr -£t-°F X
fin material
31-40 | RHOH | density of header material |1lb/ft3 X
41-50 TH given header wall thickness| in X
51-60 FSV maximum slloweble Mach X
number of vapor, only
61=-T0 ET emissivity of tube coating X
T1-80 EF emissivity of fin coating X
6 +n 1-10 | cv specific heat of vapor BTY/1b-°F X
11-20 | TIN inlet temperature °r X
21-30 TAU mission time days If TTG=0
31-40 -LNPO | the negative of the "
(must natural log of the
be probability of no
posi- meteoroid puncture in
tive) TAU days
41-50 MEF modulus of elasticity of pei "
fin material
51-60 | METH | modulus of elasticity of psi "
tube material
61-T0 TG given tube wall thickness in X
(will cause bypass of
meteoroid protection
requirement)
71-80 | NUEG | minimum gravitational g's X
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INPUT DATA CARD DESCRIPTION
PRIMARY / SECONDARY DESIGN PROGRAM (continued)

considered

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS, SYMBOL OR PARAMETER UNITS REQUIRED +
T+n 1-10 TFMIN | minimmm allowable fin in X
thickness (both fins
in a closed sandwich
non-cone )
11-20 TFMAX | maximum allowsble in X
fin thickness
21-30 ILPMIN | minimm length of primary £t X
condenser
31-40 LPMAX | maximm length of primary £t X
condenser
k1-50 WMIN minimum allowsble total £t X
condenser width
51-60 WMAX maximm allowsble total £t X
condenser width (in
triform three times
single panel width,
ete.)
61-70 TIF internal fin thickness, in X
cloged sandwich cone
or cylinder
T1-80 | RHOIF | density of internal fin | 1b/ft3 X
materlial, closed
sandwich cone or
cylinder
8 +n 1-10 LTMAX | maximm total condenser £t X
length
11-20 ALPHS | solar absorptivity If TS
not given
21-30 ALPHT | thermal sbsorptivity "
31-40 DIINP | minimm value of DIINP to in X
0 be considered
41-50 DIINP | maximm value of DIINP to in X
F be considered
51~60 DIINP | increment of DIINP to be in X
D considered
61-T0 NO minimum velue of N to be X
considered
T1-80 NF maximm value of N to be X
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INPUT DATA CARD DESCRIPTION

PRIMARY/SECONDARY DESIGN PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETERS UNITS REQUIRED +
9 +n 1-10 ND increment of N to be X
considered
11-20 WINA O] smallest value of fin in X
half-width to be
considered
21-30 WINA F| largest value of fin in X
half-width to be
considered
31-40 WINA D| increment of fin in X
half-width to be
considered
10 + n 1-4 PUNT (see figure 11) X
*
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Cards 1 through (10 + n) may be repeated for different sets of inputs. The
next identification card immediately follows the last card (PUNT) of the
previous input set.

Radiator material and working fluid properties should be evaluated at the
average condensing temperature (TC).

A typical input data sheet for the isothermal radistor design program 1s shown
in Appendix C (Figure C-5).

6.7.2 Output Descriptions

A typical set of outputs is shown in Appendix C (Figure C-6). A fixed input
data block is followed by a statement showing the pump power consumed in the
radiator condenser due to pressure drop. Groups of outputs headed by a
corresponding sink temperature velue follow. For each combination of DIINP, N,
WINA, a complete radiator design (consisting of 31 additional values) or the
cause of a diagnostic test failure is given. The nomenclature used in the
outputs is listed in the Nomenclature Section. However, several outputs require
additional explanation.

MIF

Unless a value for the thickness (TIF) and density (RHOIF) of the "inner fin"
(cylinder or cone with closed sandwich construction) is specified, this value
is zero.

X

il TIX is uegative (a result oI the Tins alone, providing suttricient meteoroid
protections), the affected designs should be rerun with TTG specified hased on
strength requirements.

The output messages of Figure 15 (other than complete radiator designs) will

appear after a particular combination of DIINP, N, WINA if a radiator cannot
be designed. See Figure 12 for remedies.
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7.0 PERFORMANCE ANALYSIS PROGRAMS

The two performance analysis programs are the Hp-HpO Fuel Cell Direct Radiator
Performance Analysis Program and the Isothermal Direct Radiator (with subcooler)
Performance Analysis Program.

7.1 Thermal Environment Options

Agein, as in the design programs, thermal environments can be specified in the
form of sink temperature(s) or pair(s) of incident solar (including albedo) and
incident thermal heat fluxes (see paragraph 6.1 for explanation of incident
radiation). If heat fluxes are chosen, values for solar and thermal absorptivi-
ties (ALPHS, ALPHT) must be supplied. Up to twelve simultaneous sink tempera-
tures (or pairs of heat fluxes) can be considered in one radiator analysis.

Up to twelve sets of these simultaneous sink temperatures (or pairs of heat
fluxes) can be analyzed consecutively for any one combination of geometric inputs.
Within any set, temperatures and heat fluxes cennot be mixed. All sets used
with one combination of geometric inputs must have an equal number of sink
values.

Each sink temperature (or pair of incident radiation values) is assumed to
affect equal numbers of tubes. Furthermore, if segmentation is to be considered
to control outlet temperature (see paragraph 7.3.2), each segment is considered
to "see' only one sink value.

T.2 Geometric Configursations

As in the design programs, the input value for PUNT is used to describe tube-fin
and panel configurations and working fluid class. Figure 11 summarizes PUNT
constituent values for specific geometries and fluid classes. (Note: A closed
sandwich cone or cylinder must be treated as an open sandwich cone or cylinder;
see Section 6.2.)

Segments within any radiator must have equal number of tubes and are treated as
having individual inlet headers and individual outlet headers. (It is assumed
that headers have been designed in sccordance with the corresponding design
program. (See parsgreph 3.2.3.)

7.3 Hp-HoO Fuel Cell Radiator Performance Analysis Program

T.3.1 Diagnostic Tests
The following tests are performed by the program:
1. The total hydrogen flow rate, MDG, and the total flow rate (water plus
nydrogen), MDTG, are tested to see if both values are equal to zero.
If so, the program will print the output statement:
BOTH MDG AND MDTG ARE ZERO
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and proceed to the next set of inputs, if available. This test
insures that the mess flow input option has been observed properly
(see paragreph 7.3.3).

2. The inlet saturation temperature is calculated and compared to the
desired outlet mixture temperature, if specified. If the inlet
saturation temperature is less than the outlet mixture temperature,
the program will print the output statement:

TINSA . . . LESS THAN TOUTM
and proceed to the next set of inputs, if available.

3. If the inlet Mach number is higher than the maximum specified, the
program will print the output statement:

MACH NO TOO HIGH
and proceed to the next set of inputs, if available.

4, If the 21 x 21 temperature matrix does not converge within 20 iterations,
the program will print the output message:

SLOW RATE OF CONVERGENCE

and proceed to the next set of iopubls, if avaiiabie., This message
should not normally sppear unless an illogical set of inputs has been
supplied.

5. If the outlet temperature of a segment is below freezing, (492°R), the
program will store as possible output (if more than one segment is
left) or will print (if only one segment is left) the statement:

NS*S . . . FROZEN SEGMENT
and will automatically segment, 1f possible, to alleviate the frozen
condition. If no more segments are availlable, the program will proceed
to the next set of inputs.
T.3.2 Outlet Mixture Temperature Control
In addition to the automatic freezing control of the individuel segment outlet
temperatures, the user has the option of controlling the mixed outlet tempera-
ture of the radiator-condenser by causing the removal of segments.
The user can effect segmentation by specifying a number of segment, (S), greater
than one and by supplying a value for the radiator mixed outlet target tempera-
ture, (TOUTM).
If (TOUTM) is higher than the internally calculated inlet saturation temperature,
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the pgogrwn cannot analyze the radiator (see diagnostic test 2 under Section
7-3.1 L]

Since removal of individual segments causes a step change in the outlet mixture
temperature, the program can only bracket the specified target temperature
(providing the target temperature value falls between the outlet mixture temper-
ature of the radiator with all segments working and the outlet mixture tempera-
ture of the radiator with one segment working).

In trying to prevent freezing, or in trying to bracket a specified outlet
temperature, the program will remove segments in the reverse order in which
their sink temperatures (or heat flux pairs) are listed in the input.

Te3.3 Input Cards and Options
In order to use the Hp-HoO fuel cell performance anslysls program, a set (or sets)

of input data cards must be prepared as follows (options under sections 7.1, 7.2
and 7.3 apply):
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INPUT DATA CARD DESCRIPTION
FUEL CELL PERFORMANCE PROGRAM

CARD
NO.

COLUMN
NOS.

SYMBOL

DESCRIPTION
OR PARAMETER

UNITS

REQUIRED

OPTIONAL

1-80

Identification card (any
alphabetical or numerical
combination)

1-2

Number (n) of sets of
similtaneous sink tempera-
tures (or sets of pairs of
incident solar and incident
thermal heat fluxes) to be
considered without program
restart (up to 12 sets)

Number (m) of simultaneous
sink temperatures (or
pairs of incident solar
and incident thermal heat
fluxes) in each set (up to
12 values)

h;5:6:
etC. ,up
to 3+m
(where m
vl o]
idef'ined
on card
3)

1-10

When sink temperatures (TS)
are given, velue for TS;
when incident fluxes are
given, any negative number

When sink temperatures are
given, zero; when incident
fluxes are given, value
for QIS

21-30

When sink temperatures are
glven, zero; when incident
fluxes are given, value
for QIT

Repeat cards 3
pairs of incid

} through 3 + m for each set of sink temperatures (or sets of
lent fluxes) until all are entered. This will end with card

number 2 + mn + n where n and m are defined on cards 2 and 3, respectively.
The card in each succeeding set corresponding to card 3, i.e., (4 + m,
5 +2m, 6 + 3m, etc.) must bear the same value as card 3.

* Right justify in field (all other inputs under d.ec:l_mal control).

+ All cards are required; only entries are optional.
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INPUT DATA CARD DESCRIPTION

FUEL CELL PERFORMANCE PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
3 +m 1-10 N total number of tubes X
+n 11-20 S total number of segments X
available (in entire
condenser)
21-30 DIIN inside tube diameter in X
31-40 DOIN outside tube diameter in X
41-50 WBARI |total condenser width ft X
at inlet
51-60 WBARE [|total condenser width at ft X
outlet (in triform,
three times single
panel width, etc.)
61-T0 TFIN fin thickness at in X
condenser inlet
71-80 TFOUT |[fin thickness at in X
condenser outlet
L + mn 1-10 TOUTM |mixed outlet target OR X
+n temperature
11-20 PM total pressure psia X
21-30 ALPHS |solar ebsorptivity If TS not
given
31-40 ALPHT |thermsl absorptivity "
41-50 | KTH thermel conductivity BTUhr-1t-°F X
of tube material
51-60 |KF thermal conductivity BTU/hr-£t-OF X
of fin material
61-70 ET emissivity of tube X
coating
71-80 EF emissivity of fin X
coating
5 + mn 1-10 FSV maximum allowable Mach X
+n number of vapor, only
11-20 LC condensing length ft X
21.-30 MDTG total flow rate, 1b/min If MDG=0
+ Hy0 &MDVIN=0
31-40 MDG flow rate of noncon- 1b/min If MDTG=0
densable gas, Hp & SHIN=0
41-50 MDVIN |flow rate of water vapor 1b/min "
at condenser inlet o
51-60 | TIN inlet temperature R X
61-70 SHIN inlet specific humidity If MDG=0 &
MDVIN=0
6 + mn 1-4 PUNT see figure 11 X
+n *
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Cards 1 through (6 + mn + n) may be repeated for different sets of inputs.
The next identification card immediately follows the last card (PUNT) of the
previous input set.

WBARI and WBARE are the total radiator panel widths at inlet and exit leader,
respectively. They could be circumferences or arc lengths (cylinder and cone)
or they could be the sum of the widths of the three or four individusal panels
of a triform or cruciform, respectively.

As noted on the input date card description, either the values for MDG and
MDVIN or the values for MDTG and SHIN must be specified. If values appear in
all four locations, MDG and MDVIN govern.

Radiator material properties should be evaluated near average expected saturation
temperature.

A typical input date sheet for the fuel cell performance analysis program is
shown in Appendix C (Figure C-7).

7.3.4 Output Description
A typical set of outputs is shown in Appendix C (Figure C-8).

The printout of the fixed imput is followed either by a single output message
as a result of a diagnostic test failure (see messages and causes for failures
in Section 7.3.1), or it is followed by one or more blocks of outputs (a single
block describes the performance of each imdividual segment) showing the results
of the radistor analysis. Each block of output is preceded by a single line
summarizing the total rediator performance with the segments printed in the
block overating. One block of output results 4f no autlet mivture tamerature
is specified or if the required outlet mixture temperature is lower than the
lowest possible radiator outlet temperature (all segments operating). If more
than one block of output is shown, each successive block depicts the performance
of the given radistor as segments are removed from operating (trying to match
an outlet temperature or control freezing). If the required outlet temperature
is within the range of possible outlet temperatures of the radiator, the last
two blocks of output describe the performance of the radiator with different
numbers of segments working and whose mixed outlet temperatures bracket, most
closely, the required outlet temperature.

If it is physically impossible for the radiator to bracket the required outlet
temperature, the program will print (S) number of output blocks and stop.

Another output combination results if freezing occurs with a large mumber of
segments operating. The program will then print one or more of the following
statements:

NS*S . . . FROZEN SEGMENT
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followed by one or more blocks of output. The first block after the last
"frozen segment' statement represents the performance of the radiator with

the highest number of segments operating without freezing. If the mixed outlet
temperature at this point is above the required, the progrem will stop. If it
is not the program will continue to segment to bracket the outlet temperatures,
if possible. Under no circumstances will the performance of & radiator be
described which has any segment with an outlet temperature below L92CR.

Explanation of nomenclature used in outputs is listed in the Nomenclature section.

7.4 Isothermal Radistor Performance Analysis Program

T.4.1 Diagnostic Tests
The following diagnostic tests are performed by the program:

1. If the 7 x 7 condensing length (LCC) matrix does not converge within
20 iterations, the program will print the output message:

20 CYCLES - - NOT CONVERGED - - LCC MATRIX
and proceed to the next set of inputs.

2. The program subtracts the average condensing length solved for by the
LCC matrix from the total radiator length in order to obtain the
average subcooling length. If the average subcooler length is negative
the program prints the output statement:

STOP NEGATIVE LSC . . .
and proceeds to the next set of inputs.

3. If the 33 x 33 temperature matrix does not converge within 20
iterations, the program will print the output message:

20 CYCLES - - NOT CONVERGED - - T MATRIX

and proceed to the next set of inputs. This message should not normally
sppear unless an illogical set of inputs has been supplied.

4., If the inlet Mach number is higher than the maximum specified, the
program will cause output statements for the affected radiestor or radi-
ator segment to be accompanied by the statement:

MACH . . . IS TOO HIGH - - WARNING
5. If, in the process of belancing pressure drops aend mass flows in a
mltiple sink system, the condensing length of a segment 1s greater
than the total radiator length, the program will print the statement:

UNSTABLE LC GT LT
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(where GT stands for greater than), print all available answers up
to this point, and proceed to the next set of sink temperatures
(or fluxes).

T.4.2 Constant Inventory or Constant Pressure Option

The user controls the condenser type by selecting a constant inventory or a
constant pressure system. This is accomplished by specifying a certain
combination for the values of three input variables. These are: desired
aver condensing length (LCG), estimated average condensing temperature
M‘CAPG; and desired average condensing temperature (TCG). If a constant
inventory system is to be analyzed, the user must give a positive value to
LCG), a positive value to (TCAPG), and he must set TCG equel to zero. If
a constant pressure system is to be analyzed, the user must give a positive
velue to (TCG) and he must set (TCAPG) and (LCG) both, equel to zero.

To4.3 Mixed Outlet Temperature Control

The mixed outlet temperature of the condensate dowstream from the exit header
of the radiator-condenser can be controlled by two methods: 1) segmentation
(the blockage of flow through a radiator segment or segments), and 2) pro-
portional bypass (the bypassing and mixing of vapor at inlet conditions with
the 1liquid condensate from the condenser outlet).

Segmenting, bypassing, or no outlet temperature control is specified by the
values assigned to the desired mixed outlet temperature (TMIXG) and the
proportional bypass constant (PEP). If no outlet temperature control is
desired, both (TMIXG) and (PEP) must be set equal to zero. For control by

semntation. the valne for the Aeaired nn:l:._’l_et ":n‘rnnerg_t\_\_-%e it s acad maad b

v e e epAwe VW

(TMIXG) and PEP must be set equal to zero. For control by proportional bypass
the value for the desired outlet temperature must be assigned to {TMIXG) and
(PEP) must be set equal to 1.0.

Since removal of individual segments causes a step change in the outlet mixture
temperature, the program cen only bracket the specified target temperature
(providing the target temperature value falls between the outlet mixture temper-
ature of the radiator with all segments working and the outlet mixture tempersture
of the radiator with one segment working).

In proportional bypass the mixed outlet temperature (TMIXX) (after vepor addition)
is calculated by the program to fall within 1.0% of the specified outlet mixture
temperature (TMIXG).

T.4.4 Input Cards and Options

In order to use the Isothermal Performance Analysis Program, a set (or sets) of
input data cards must be prepared as follows (options under 7.1, 7.2, 7.3 spply):

65




i

TRW EQuUIPMENT LABORATORIES ‘!

INPUT DATA CARD DESCRIPTION

ISOTHERMAL PERFORMANCE PROGRAM

CARD COLUMN DESCRIPTION OPTIONAL
No. NOS. SYMBOL OR PARAMETER REQUIRED +
1 1-80 Identificetion card (any X
alphabetical or numerical
combination)
2 1-2 Number (n) of sets of X
* simultaneous sink temper-
atures (or sets of pairs
of incident solar and
incident thermal heat
fluxes) to be considered
without program restart
(up to 12 sets)
3 1-2 Number (m) of simultaneous X
* sink temperatures (or
pairs of incident solar
and incident thermal heat
fluxes) in each set (up
to 12 values)
4,5,6, 1-10 When sink temperatures (TS) X
ete., are given, value for TS;
up to when incident fluxes are
3+m given, any negative number
(where -
m is 11-20 When sink temperatures are X
defined given, zero; when incident
on card fluxes are given, value
3) for QIS
21-30 When sink temperatures are X

i

given, zero; when incident
fluxes are given, value
for QIT

Repeat cards 3 through 3 + m for each set of sink temperatures (or sets of

pairs of incident fluxes) until all are entered.

This will end with card

number 2 + mn + n where n and m are defined on cards 2 and 3, respectively.
The card in each succeeding set corresponding to card 3, i.e., (4 + m,

5 +2m, 6 + 3m, etc.) must bear the same value as card 3.

- o m o e e @ m m e e e e s e S e m e m e e S e e o et e W e @ M wm = e

* Right justify in field (all other inputs under decimsl control).

+ All cards are required; only entries are optional.
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INPUT DATA CARD DESCRIPTION
ISOTHERMAL PERFORMANCE PROGRAM (contimued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
r 3+m 1-10 N total nmumber of tubes X
| +n 11-20 ) total number of segments X
available (in entire
condenser)
21-30 DIIN inside tube diameter in X
31-40 DOIN outside tube diasmeter in X
41-50 WBARI | total condenser width at £t X
inlet
51-60 WBARE | total condenser width at £t X
outlet (in triform, three
times single panel width,
etc.)
61-T0 TFIN fin thickness at condenser in X
inlet
T1-80 TFOUT | fin thickness at condenser in X
outlet
b + m 1-10 | LT total condenser length £t X
+n (including subcooler)
11-20 LCG specified average con- 't If TCG=0
densing length
21-30 | ®FG heat of vaporization of BTU/1b X
working fluid
A1 hn M wrawlrdomm PTvad 3 wmal amceT an . Avn .
R FeEEDS c “m/*“mole A
weight
41-50 | R gas constant Toeft/R by X
51-60 PIR reference saturation psia X
pressure (see para-
graph T.4.4)
61-70 TIR reference saturation Or X
temperature (at PIR)
(see paragrsph T.h.l)
7L-80 | KC thermal conductivity of BTy hr-t-% X
condensate
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INPUT DATA CARD DESCRIPTION

ISOTHERMAL PERFORMANCE PROGRAM (continued)

CARD COLUMN DESCRIPTION OPTIONAL
NO. NOS. SYMBOL OR PARAMETER UNITS REQUIRED +
5 + mn 1-10 | RHOL | density of condensate 1b/£t3 X
+n 11-20 VISL absolute viscosity of 1b/ft-sec X
condensate
21-30 | CL specific heat of BTU/1b-°F X
condensate
31-40 | SUFT | liquid-vapor surface 1b/ft X
tension
41-50 cv specific heat of vapor BTU/1b-°F X
51-60 | VISV | absolute viscosity of 1b/ft-sec X
vapor
61-70 GAMMA | ratio of specific heats X
of wvapor
71-80 ALPHS | solar absorptivity If TS
not given
[
6 + mn 1-10 ALPHT | thermsl absorptivity If TS
+n not given
11-20 | KTH thermal conductivity BTUhr-ft-F X
of tube material
21-30 | KF thermal conductivity BTUhr-ft-OF X
of fin material
31-40 ET emissivity of tube X
coating
41-50 EF emissivity of fin X
coating
51-60 FsSV maximum allowable Mach X
number of vapor, only
61-T0 NOS number of different sink X
temperature values
71-80 PEP proportional bypass code X
(see paragraph T.4.2)
7 + mn 1-10 MDT total flow rate 1b/min X
+n 11-20 XIN inlet quality o X
21-30 TCG specified average con- R If LCG=0
densing temperature
31-L0 TCAPG | approximate condensing °r If TCG=0
temperature
41-50 | TIMIC | inlet superheat °R X
51-60 TMIXG | target outlet mixture X
temperature
8 + mn 1-4 PUNT (see figure 11) X
+n *
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Cards 1 through (8 + mn + n) may be repeated for different sets of inputs.
The next identification card immediately follows the last card (PUNT) of the
previous input set.

WBARI and WBARE are the total radiator panel widths at inlet and exit header,

respectively. They could be circumferences or arc lengths (cylinder and cone)
or they could be the sum of the widths of the three or four individual panels

of a triform or cruciform, respectively.

PIR and TIR are reference saturation pressure and temperature of the working
fluid to be used in the Clausius Clapeyron equation (see equation A-33, Appendix
A). They can be teken anywhere on the saturation line ; however, due to the
nature of the equation, more accuracy is obtained if the values are taken close
to expected operating conditions. It should be noted that these are reference
values only and do not limit the condenser operation to these levels.

NOS is the number of different sink temperature (or pairs of fluxes) values.
It is equal to or less than S (total number of segmente). For example, 1if all
of twelve sink temperature values are equal to each other, NOS = 1.0; however,
for twelve non-equal sink values, NOS = 12.0.

Sections T.4t.2 and 7.4.3 discuss the special attention that has to be paid to
LCG, TCG, TCAPG (constant inventory - constant pressure option) and PBP, TMIXG
(outlet mixture temperature control option), respectively.

Average fluid and radistor material properties should be teken at TCG or TCAPG,
whichever is given. Most properties vary only slightly over typical temperature
ranges that can be expected in any one isothermal radiator condenser and ,
therefore, taking the desired values at the above temperature should introduce
negligible error.

A typical input data sample sheet is shown in Appendix C (Figure C-9).

T.4.5 Output Description

Typical sets of outputs are shown in Appendix C (Figure C-10).

Outputs for radiator-condenser performance analyses will be discussed according
to types of outlet mixture temperature control: 1) no outlet mixture temperature
control, 2) outlet mixture temperature control by segmentation, and 3) outlet
mixture temperature control by proportional bypass. In all three types a block
of fixed input data precedes all output groupings.

Explanation of nomenclature used in outputs is listed in the Nomenclature
Section.

T.4.5.1 Outputs for "No Outlet Temperature Control" Cases

Unless any one of the output messages discussed in Section 7.4.l appears, the
block of fixed input data for a performance analysis of a radiator without
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outlet mixture temperature control will be followed by one group of output l
sets. The group of output sets is headed by a statement giving the average

sink temperature value. This statement is followed by sets of outputs titled

"SET NO. 0", followed by "SET No. 1", "SET NO. 2", "SET NO. 3", up to "SET ]
NO, 8",(where S is the total number of radiator segments). Outputs under

"SET NO. O" are for an average segment of the radistor-condenser (using average
condensing length, average sink temperature and average mass flow). Set No. 1 1
through Set No. (8) show outputs applicable only to the respective individual

segment of the radiator (differences in the output values of the sets are the

net result of the differences in their thermal environments). Set No. (S) is |
followed by a line of outputs applicable to the overall rasdiator-condenser
performance. For a no-outlet-temperature-control case, (THETA) and (TMIXX)
are always zero. (DPTM) will be shown as zero for a single sink temperature
value (NOS = 1.0) and the value (DPTOT) should be used for pressure drop.
[TCM) will also be shown as zero for a single sink temperature value (NOS = 1)
and for constant pressure cases, regardless of the number of sink values. An
average of the TC's shown should be used in these cases.

For a case where (S) = 1.0 (only one segment) or (NOS) = 1.0 (all sinks equal),
Set No. O will be the only output set (followed by overall radiator values).
For a one segment radiator, Set No. O performance vealues describe total
radiator performance. For the multi-segment, equal sink case, Set No. O shows
values typical for each of the segments.

If Set No. 1 through Set No. (S) occur, it should be noted that (excluding
Set No. 0):

1. The smallest single value of all NUE's and NPG's is the governing
overall gravitational capability (any negative value means a gravi-
tational force in flow direction is required).

2. The small deviations between individual TC's and their deviation from
TCG (if applicable) are due to specified limits of matrix convergence.

3. Deviation between individual DPTOT values are a result of TC
deviations explained above.

A partially completed typical output block followed by one of the messages
discussed in Section T.4k.l is also a possible output combination.

7.4.5.2 Outputs for "Outlet Temperature Control by Segmentation" Cases

Unless the printout of the fixed input is immediately followed by one of the
messages discussed in Section T7.4.l, one or more typical output groups headed
by an average sink temperature (based on the number of operating segments
within the group) will follow. It should be noted that diagnostic test failure
messages can terminate the output within or after any group. Each output group
consists of output sets showing values for an average segment case followed by
sets showing applicable output values of each individual ogerating segment.

The last line in each group lists outputs applicable to the overall working
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postion of the radiator-condenser. Values for (THETA) and (TMIXX) are always
zero. (DPIM) and (TCM) are zero for a multi-segment radiator with equal sink
temperatures. (TCM) will also be zero for a constant pressure case. (DPTOT)
and the average(TC)should be used, respectively.

One group of output sets results if the required outlet mixture temperature is
lower than the lowest possible radiator outlet temperature (all segments opera-
ting). If more than one group of output is shown, each successive group depicts
the performance of the given radiator as segments are removed from operation
(trying to match an outlet temperature). If the required outlet temperature is
within the range of possible outlet temperatures of the radiator, the last two
groups of output describe the performance of the radiator with different numbers
of segments working and whose mixed outlet temperatures bracket, most closely,
the required outlet temperature.

If it is physically impossible for the radiator to bracket the required outlet
temperature, the program will print (S) number of output groups and stop.

Successive output groups for a multi-segment radiator with equal sink temperatures
will contain only Set No. O which will be typical of those segments in operation
at that time.

The same interpretations as listed in points 1 through 3 in Section T.4.5.1 apply
to each group in the output for a case involving outlet mixture temperature
control by segmentation.

T.4.5.3 Outputs for "Outlet Mixture Temperature Control by Proportional
Bypass" Case

Output groups and set description are identical to those used to describe the
special outlet temperature control cases in Sections 7.4.5.1 and T.4.5.2 with
the following exceptions:

1. Each group of output has an equal number of sets (Set No. O through
Set No. (S) ).

2. The average sink temperature is only listed once (before first group).
3. THETA and TMIXX are non-zero and applicable.

4. The program will continue to very(THETA)and calculate output groups
until the value for(TMIXX)is within 1.0% of the specified value for
(TMIXG)or the program is stopped due to a diagnostic test failure.

The (THETA) value listed in a group (other than the last group) is calculated
based on the values of (TOMIX) and (TMIXX) in that group but is used in calcu-
lating the following group of outputs; therefore, the initial value of THETA
is not shown in the first group.
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Should the program satisfy the outlet mixture target temperature within the
1.0% limit, the last two groups of output will have equal THETA's with the last
group describing the performence with this(THETA.)

Enroute to the final answer (last output group) (THETA) may oscillate and become
negative. However, for a true answer the final(THETA)must be positive. If
this is not so, an unrealistic target temperature (TMIXG) was chosen for the
particular operating conditions. The output groups preceding the final group
(desired answers) are printed for information only and may contein unreslistic
answers.

T2




TRW EQUIPMENT LABORATORIES

EXAMPLES OF SPACE RADIATOR TYPES

TEMPERATURE LEVEL

HEAT REJECTION MODE

HIGH LOwW

Two-Phase, Single
Component, Isothermal

Liquid Metal Rankine Cycle Non-Metal Rankine Power
Power Systems with Direct Systems with Direct
Condenser-Radiator Condenser-Radiator

Environmental Control
Systems with Direct
Condenser~Radiator

Single Phase.
Non-Isothermal

Liquid Metal Rankine Cycle Environmental Control
Power Systems with Systems with Indirect
Indirect Radiator Radiator

Fuel Cell System with

TrAdwmand DAl ade ~ad
- w A ok

Non-Metal Rankine Power
Systems with Indirect
Radiator

Brayton Cycle Power
Systems with Direct or
Indirect Radiator

Two-Caomponent,
Non-Isothermal

Fuel Cell System with
Direct Radiator

Figure 1




TRW EQUIPMENT LABORATORIES

SIMPLIFIED SCHEMATICS OF SYSTEMS
EMPLOYING A DIRECT CONDENSER-RADIATOR

& 1

power 1  [FUEL | BYPASS
1 e | <ON- DIRECT
TROL CONDENSER
C) | RADIATOR
000000000
- @) |
Hp & H20
@ O PUMP
a) FUEL CELL POWER SYSTEM
TURBO-
ALTERNATOR | f——{ =3 POWER
N\ ]
DIRECT
HEAT CONDENSER
SOURCE BOILER RADIATOR
€
CONDENSATE PUMP
b) RANKINE CYCLE POWER SYSTEM
8 l
COMPRESSOR DIRECT
HEAT
SOURCE EVAPORATOR CfEDD'i';‘éiR

c) ENVIRONMENTAL CONTROL SYSTEM

Figure 2




TRW EQUIPMENT LABORATORIES

APPLICATION OF PANEL CORFIGURATIONS
TO THE COMPUTER PROGRAMS

PANEI, TYPES
CONE
PROGRAM
[FLAT PLATE | TRIFORM | CRUCIFORM| CYLINDER | CONSTANT | TAPERED
FIN FIN
THICKNESS |THICKNESS
Fuel Cell
Design X X X X X
Analysis X X X X X X
Isothermal
Design X X X X X
Analysis X X X X X X
Pri/Sec Design X X X X

Figure 3




TRW/ EQUIPMENT LABORATORIES

FIN-TUBE NODAL POINT LOCATIONS

a) CENTRAL FIN

7
e

/

AXIS OF

SYMMETRY // y 4‘ /35
\ e
{//

A//
15/ 16

b) OPEN SANDWICH

NOTE: NODAL PTS.
10, 20, & 30 ARE IN G 37 35- s
THE FLUID — /
23/ 24' 25' /26'
A ! /' / ' / 1

1

7

/II/ZZ 23/24/25/
/// v

1 /14 15// 16
|

c) CLOSED SANDWICH

Figure L




TRW eQuIPMENT LABORATORIES

FILM FLLOW RATE

EFFECT OF ENTRAINMENT ON FILM FLOW RATE

‘ﬁo
\‘,\w
Ry >Rfn
/
-«
Rf = Rfn
INCEPTION OF \FILM FLOW RATE DEFINED
ENTRAINMENT BY NEUTRAL STABILITY

TOTAL LIQUID FLOW RATE

Figure 5



TRW EQUIPMENT LABORATORIES .

FUEL-CELL DESIGN PROGRAM

INPUTS - | )\

TUBE NOS.,DIA.,SPACINGS INLET R SONIC OUTLET
FLOW RATES i CONDITIONS VELOCITY | CONDITIONS
INLET & OUTLET CONDITIONS CHECK
SINK TEMP.
TUBE & PANEL CONFIG. s
MAT'L PROP. INLET HEADER OUTLET HEADER
PRESSURE DROP DIMENSIONS DIMENSIONS
OPTIONAL INPUTS AND aP AND AP

GEOMETRIC RESTRICTIONS

A

METEOROQID PROT. DATA
ﬁ CONDENSER MULTIPLE TUBE
TUBE AP STABILITY CHECK

INLET SATURATION
TEMP. & PRESSURE _I

A 4

L 4

v AVERAGE TUBE FILM
AVERAGE SATURATION o CONDITIONS ™ CONDITION

& SUPERHEAT TEMP. l
FLOW REGIME
PRESSURE DROP

TENGTH
CONDENSING [* FRICTION FACTOR, &, 2
LIMITATION LENGTH FACTOR ’

CHECK
® SINGLE TUBE
I—-o[wmm LIMITATION CHECK | STABILITY CHECK

i

APPROX. TUBE
WALL THICK.

.| CONDENSER
TOTAL

WIDTH
RADIATING FIN EFFICIENCY
1 AREA CHECK

|, {BLOCKAGE

FACTORS I | FIN THICKNESS
v
;b SUBROUTINE FOR SOLUTION

of Sromummeauton [ Mmoo
LIMITATION CHECK

1'__—' TEMPERATURES & FIN THICK.

SATURATION
TEMPERATURES o FLOW CONDITIONS a FLOW REGIME IN
INZONES 1,2, &3 —a| INZONES 1,2,83 ZONES 1, 2, &3

|

v

v

l ‘ FRICTION'FACTOR

SUPERHEAT FILM CONDITIONS INZONES 1,2, &3
TEMPERATURES INZONES 1, 2, & 3
IN ZONES 1,243 T

TWO PHASE PRESSURE
DROP FACTOR, @ ©,
INZONES 1, 2, &3

® CORRECTED
TUBE DIAMETER

] ¥

TOTAL CONDENSER CORRECTED TUBE
MASS AND AREA M WALL THICKNESS

L

OUTPUTS PREVIOUSLY CALCULATED

OR GIVEN GEOMETRY

REPEAT FOR ALL
COMBINATIONS
€= == === OF TUBE NOS.,
DIAS., SPACINGS
AND TS's




TRW EQuIPMENT LABORATORIES

ISOTHERMAL DESIGN PROGRAM

T TFRMATION FLOW CHANT
INPUTS }
TUBE DIAS., NOS., SPACINGS INLET
FLOW RATE —= conpiions [—ef SOMIC Ay
INLET & OUTLET CONDITIONS CE{ECK'TY LENGTH RATIO
TUBE AND PANEL CONFIG.
MAT'L & FLUID PROPERTIES : s
SINK TEMPERATURE
PRESSURE DROP INLET HEADER TUBE SPACING AT
OPTIONAL INPUTS DIMENAS’:ONS LIQUID/VAPOR
GEOMETRIC RESTRICTIONS AND INTERFACE (CONES)
METEOROID PROT. DATA )
CONDENSER 1
TUBE AP
| CONDITIONS IN
ZONES 1, 2, &3
[ ]
FILM CONDITIONS FLOW REGIME IN
IN ZONES 1,2, &3 [ ZONES 1, 2, &3
¥ | ]
TWO-PHASE PRESSUREL o CONDENSING L | FRICTION FACTOR
DROP FACTOR, $, %, LENGTH INZONES 1, 2, &3
INZONES 1, 2, &3
STABILITY
™1 cHeck
| APPROX. TUBE APPROX. SUBC. LENGTH LENGTH
WALL THICKNESS =1 AND TOTAL LENGTH LIMITATION
' T CHECK
fo{  CONDENSER WIDTH LIMITATION CHECK
wivin
L BLOCKAGE -l TOTAL RADIATING FIN EFFICIENCY
FACTORS ! AREA CHECK
CONDENSING SUBROUTINE FOR SOLUTION FIN
" coerricient OF SIMULTANEOUS NON- [T THICKNESS
— LINEAR EQUATIONS IN
o] TEMPERATLRE & FIN THICKNESS l
FIN
——®1  SUBROUTINE FOR SOLUTION THICKNESS
s L
PrAvA A OF SIMULTANEOUS NON- CHECK
> CORFFICIENT s LINEAR EQUATIONS IN .
TEMPERATURE AND LENGTH
PREVIOUSLY CALCULATEQ EXACT SUBCOOLER CORRECTED
IOR GIVEN GEOMETRY & TOTAL LENGTH TUBE WALL
I THICKNESS
o TOTAL CONDENSER
MASS AND AREA

[[outPuTs Je {

REPEAT FOR ALL
COMBINATIONS

OF TUBE NOS.,
DIAS., & SPACINGS

- e e - o= e o




TRW EQuIPMENT LABORATORIES d

PRIMARY/SECONDARY DESIGN PROGRAM
TRFORMATION FLOW CHEART |
INPUTS |
TUBE DIAS., NOS., SPACINGS PRIMARY INLET f/?LN(;EITY
FLOW RATE & OUTLET COND. Lot
INLET & OUTLET CONDITIONS )
TUBE AND PANEL CONFIG.
MAT'L & FLUID PROPERTIES INLET AND OUTLET
SINK TEMPERATURE HEADER DIMENSIONS
PRESSURE DROP AND AP's
OPTIONAL INPUTS *
GEOMETRIC RESTRICTIONS PRIMARY AND FLOW REGIME IN
METEOROID PROT. DATA SECONDARY Nse ZONES 1, 2, &3
AP OF PRIMARY
CONDITIONS IN ZONES FRICTION FACTOR IN
§ ] .2, &3 OF PRIMARY COND. ZONES 1, 2, & 3 OF
FILM CONDITIONS PRIMARY
IN ZONES 1,2, & 3 | \
OF PRIMARY SR TNARY
] CONDENSING
LENGTH
TWO-PHASE PRESSURE ¥ tfa‘ﬁ’l?‘o,\l |
o LI |
:)rzop FACTOR, $ .2, SECONDARY LT
ZONES 1, 2, &3 CONDENSING
OF PRIMARY LENGTH
‘ o] STABILITY
y CHECKS
—-»Fsuscoouk LENGTH TUBE WALL
THICK NESS
» BLOCKAGE FACTORS |
* TOTAL AREA > E':‘EEZHC'ENCY I ‘
.| cONDENSER [
WIDTH \
+ #| SUBROUTINE FOR SOLUTION
OF SIMULTANEOUS NON- |
WIDTH = LINEAR EQUATIONS IN |
LIMITATION TEMP. AND FIN THICKNESS |
CHECK l
»| CONDENSING rPRIMARY FIN THICKNESS
COEFFICIENT I
Y FIN THICKNESS
[ stconoary FIN EFFICIENCY LIMITATION CHECK

HEAT REJECTION

¥

SECONDARY FIN
WIDTH

t

SUBROUTINE FOR SOLUTION
OF SIMULTANEOUS NON- ?EC&ILDEAS’;Y FIN
LINEAR EQUATIONS IN H

TEMP. & FIN THICKNESS *

1 BLOCKAGE FACTCORS

TOTAL CONDENSER

PREVIOUSLY CALCULATED MASS AND AREA

OR GIVEN GEOMETRY 1
Y

REPEAT FOR ALL

COMBINATIONS
P
ouTPUTS OF TUBE NOS.,
<@ = — —=| DIAS., & SPACINGS

Figure 8




TRW EQuIPMENT LABORATORIES

T DOONWTION YLOW AR
-~ — YES = = = ——
INPUTS BLOCKAGE FACTORS —:
FLOW RATES | 1
INLET CONDITIONS SONIC ! SINK TEMPERATURE
GEOMETRY, MAT'L PROP. |-p4 VELOCITY |- —— = — = == = = = — =9 [£ss THAN INLET
SINK TEMPERATURE (S) CHECK 1 SATURATION TEMP.
OPTIONAL INPUTS | q
SEGMENTATION INFO. | |
' ' Y NO
] b-— o] SUBROUTINE FOR SOLUTION :
" OF SIMULTANEOUS NON- H
I LINEAR EQUATIONS IN i
i TEMPERATURE i
1 1
1
L | e ———————— —_—
HEADER PRESSURE | A §
DROP ! FLOWCONDITIONS | __ _ _
T ! INZONES 1, 2, &3 =
i | T |
( | Y |
i | OUTLET J 1
| | TEMPERATURE ‘FILM CONDITION FLOWREGIME IN | | FRICTION FACTOR
| ; IN ZONES 1, 2, &3 ZONES 1, 2, &3 INZONES 1,2, 83 | |
——emmd e e |
:— 4 ; ! |
TOTAL TWO PHASE PRESSURE !
1 PRESSURE DROP FACTOR, § 2, f—=———-p{ CONDENSING LgJ :
| 255 INZONES1, 2, &3 TUBE AP '
T
! R, ——————— - :
(I -~
L SI:SLTIPLE,SINK !
__________ - L
: ! 3 vty !
]
! IS ANY SEGMENT _ OK = COMPARE PRESSURE |
i FROZEN FROM ALL SEGMENTS I
1
|L YES NO |
S '
' ) NO -! i : NOT OK :
: "SEGMENTATIONY ¢ ¥ A ‘
| COMBINE OUTLET ADJUST FLOW I
t |SEGMENTATION o TEMPERATURES AND DISTRIBUTION |
i COMPARE WITH TO EQUATE AP's |
1 SEGMENTATION CONTROL VALUE '
NO :
SEGMENTATION i l |
|
| | ADJUST NUMBER OF \ |
| | OPERATING SEGMENTS OK NOT OK |
| | TOALLEVIATE FREEZING |
! | ADJUST NUMBER OF |
ol OPERATING SEGMENTS |
v TO CONTROL OUTLET |
| TEMPERATURE I
| |
-
] |
1 |
[ { | -i
| OUTLET
___________ I - = - - - 5 PO P —
STABILITY c:ECKs CONDITIONS
¥ OUTPUTS

=== == PERFORM FOR EACH SINK TEMPERATURE




TRMW EQUIPMENT LABORATORIES ‘

ISOTHERMAL PERFORMANCE ANALYSIS PROGRAM

T INFORMATION FLOW CHART

INPUTS

FLOW RATE

INLET QUALITY OR SPRHT.
GEOMETRY

SINK TEMPERATURE (S)

p—

SINGLE SINK TEMPs OUTLET TEMPERATURE

e < SOLVE FOR MIXED

OUTLET TEMPERATURE |

COMPARE WITH
CONTROL OUTLET -

m’T'DL ';';%‘;EETT'IEESS BLOCKAGE | SUBROUTINE FOR SOLUTION
| FACTORS OF SIMULTANEOUS NON-
CONSTANT PRESSURE OR Pty LINEAR EQUATIONS IN
CONSTANT INVENTORY TEMPERATURE
OPTIONAL INPUTS COND.
MULT. | AVERAGE | | [LENGTH
SEGMENTATION OR BY- |—SINK=s| SINK L GIVEN
PASS INFORMATION TEMP. | TEMP. o AVERAGE CONDENSING TEMP.
1 COND. ]
{ SINGLE SINK TEMP. » .
CONDENSING ‘GIVEN,
INDIVIDUAL |1 e e GIVEN : SUBROUTINE FOR SOLUTION
—t=1— | SINGLE ' OF SIMULTANEOUS NON-
TEMPERATURES |LpCONDENSING LINEAR EQUATIONS IN
I LENGTH ) | LENGTH AND TEMPERATLRE
GIVEN MULTIPLE_____ |
l FsINK TEMF. +
SUBROUTINE FOR SOLUTION OF - AVERAGE COND. LENGTH
__| SIMULTANEOUS NON-LINEAR
EQUATIONS IN LENGTH FLOW MULTIPLE
RATE, PRESSURE DROP, & TEMP. [®==g 1 o oo CONDENSING LENGTH CHECK
e CONDENSING LENGTHS | ]
FLOW REGIMES FILM CONDITIONS
' BASED ON AVE. BASED ON AVERAGE
e FLOW RATES === | MULT CONDITIONS IN CONDITIONS IN
| = SINK ZONES 1, 2, &3 ZONES 1, 2, & 3
~{ PRESSURE DROP | 1y TEMP ¥
: | FRICTION FACTORS TWO-PHASE
P
-—ICONDENSING TEMP] | = )| ngfgﬁﬁ %R?{
I AVERAGE T
] COND.AP fa—
1 4 ] l
—{—1 —* SUBROUTINE FOR SOLUTION OF SINGLE SINK TEMP.
* SIMULTANEOUS NON-LINEAR
EQUATIONS IN TEMPERATURE OUTPUTS
1 }
STABILITY CHECKS
OUTLET TEMPERATURE j

o= N O BY PASS OR stmmnd

SEGMENTATION

. SEGMENTATION

TEMPERATURE OR BY PASS
ANO‘! oK oK STABILITY
CHECKS

OUTPUTS

ADJUST FLOW RATE

OR NO. OF SEGMENTS

Figure 10
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TRW £QuiPMENT LABORATORIES

VALUES FOR CODEWORK "“PUNT"

:

MEANING

central fin
open sandwich
closed sandwich

flat plate
cylinder
triform

cruciform
cone

non-mercury working fluid
mercury working fluid

vElPH| VMFWDRE | W

liquid metal working fluid
liquid non-metal working fluid

Figure 11



TRW £QuiPMENT LABORATORIES

REMEDIES IN THE EVENT OF FAILURE TO PASS DIAGNOSTIC TESTS

(DESIGN PROGRAMS, ONLY)

ADJUSTMENT TO VALUES OF
INDEPENRDENT VARIABLES

TEST NO. TEST FAILED DIAMETER TUBE NUMBER FIN HALF WIDTH
DECREASE| INCREASE | DECREASE |INCREASE |DECREASE
1 Sonic Velocity X X
2 Frictional Press. Drop X
Lower Length Limit X X
3 | upper Length Limit X X
L Lower Width Limit X
Upper Width Limit X
Lower Fin Thickness Limit X X X
> Upper Fin Thickness Limit X X X
Lower Fin Efficiency Limit X X X
6 Upper Fin Efficiency Limit X X X
T Gravitational Capability X X
8 Secondary Fin Width X X
(primary/secondary only)
9 Saturation Temperature (Not affected by varisbles - must lower
(fuel cell only) outlet temperature or supply new set of
inputs.)
10 Non-Convergence (Improbeble design - no remedy.)

Figure 12




TRW EQuUIPMENT LABORATORIES

PRINTOUTS IN THE EVENT OF FAILURE TO DESIGN
FUEL CELL DIRECT RADIATOR

(See Figure 12 if remedies are desired)

TEST NO. PRINTOUT STATEMENT MEANING

1 VMIN . . . GT (Fsv)(sovv) sonic velocity exceeded

2 DPIC . . . NEGATIVE insufficient frictional pressure drop

3 ILC . . . OUT OF RANGE length out of specified range

b W . . . OUT OF RANCE width out of specified range

5 TF . . . OUT OF RANGE fin thickness out of specified range

6 FEFF . . . OUT OF RANGE fin efficiency out of range

7 N/A

8 N/A

9 STOP-TINSA NOT GREATER THAN specified outlet temperature too high
TOUT

10 20 CYCLES, 21 EQUATIONS matrix not converged
NOT YET CONVERGED

* If TF is negative, the actual fin efficiency is slightly greater than 1.0, and
the rejection of this design was missed by Test 6.

Figure 13




TRW EQuUIPMENT LABORATORIES

FRINTOUTS IN THE EVENT OF FAILURE TO DESIGN
ISOTHERMAL DIRECT RADIATOR

(See Figure 12 if remedies are desired)

TEST NO, PRINTOUT STATEMENT MEANING
1 VIN . . . GREATER THAN (FSV) | sonic velocity exceeded
(sovv)
2 DPLC . . . NEGATIVE insufficient friction pressure drop
3 LTX . . OUT OF RANGE total length out of specified range
L W . . . OUT OF RANGE width out of specified range
5 TF « .*OUT OF RANGE fin thickness out of specified range
6 FEFF . . . OUT OF RANGE fin efficiency out of range
T N/A
8 N/A
9 N/A
10 CONDENSER EQUATIONS condenser matrix not converged

NON-CONVERGENT AFTER
20 TRIES

SUBCOOLER EQUATIONS
NON-CONVERGENT AFTER
20 TRIES

subcooler matrix not converged

* If TF is negative, the actual fin efficiency is slightly greater than 1.0 and

the rejection of this design was missed by Test 6.

Figure 14



TRW EQuUIPMENT LABORATORIES

PRINTOUTS IN THE EVENT OF FAILURE TO DESIGN
PRIMARY/SECONDARY DIRECT RADIATOR

(See Figure 12 if remedies are desired)

TEST NO. PRINTOUT STATEMENT MEANING
1 VIN . . . GT (Fsv)(sovv) sonic velocity exceeded
2 DPLC . . . NEGATIVE insufficient frictional pressure drop
LT . . . OUT OF RANGE total length out of specified range
3
ICP . . . OUT OF RANGE primary condenser length out of
specified range
L W . . . OUT OF RANGE width out of specified range
5 TFP . . .*0UT OF RANGE primary fin thickness out of
specified range
6 FEFF . . . OUT OF RANGE primary fin efficiency out of range
T NUE . . . OUT OF RANGE gravitational capability out of
: specified range
8 WINS . . . OUT OF RANGE secondary fin width negative
9 N/A
10 PRIMARY CONDENSER EQUATIONS primary condenser matrix not converged
NON-CONVERGENT AFTER
20 TRIES
SECONDARY CONDENSER EQUATIONS| secondary condenser matrix not converged
NON-CONVERGENT AFTER
20 TRIES

* If TFP is negative, the actual fin efficiency is greater than 1.0, and the
rejection of this design was missed by Test 6.

Figure 15




TRW EQUIPMENT LABORATORIES

NOMENCLATURE
(For Analytical Section and Appendices A & B)

ols
- area
- volumetric heat ceapacity
- specific hesat

- propogation velocity

A
C
c
Ce
D - tube diameter, inside; diffusion
4 - differential
€ - entrained
F - geometric view factor, force
f - Moody function factor
G - flow rate per unit cross-sectional area
6. S5 8¢ - gravitational conversion constant
h - heat transfer coefficient, enthalpy
J - Joule's constant
K - eddy diffusion coefficient, constant
k - thermal conductivity
L4 - length
Lg - Lewis number, chD /k
M - molecular weight
W\ - flow rate
N - number of moles

Nu - Nusselt number,

- number of g's

0 s

pressure



TRW EQUIPMENT LABORATORIES

NOMENCLATURE (continued)
(For Analytical Section and Appendices A & B)

Symbols (continued)
Pr - Prandtl number, C?/U /l<
T - Peclet number, Re Pr, ebUc? /K

Q - heat transferred per unit area and time

%. - heat transferred per unit time
Q - gas constant
R, - Universal gas constant
Rf- - Reynold's number of condensate film,
?ﬁ - Reynold's number,
" - tube radius outside
"W\ - reciprocal mixing

Sc - Schmldt number ) St /(0 D,

Sm- simple mixing

T - temperature (absolute)

+, - thickness

U - velocity

V - volume

W - mass -
W, - Weber number of flowing vapor, DQVUV /Z %QO"
W'S"- Weber number of condensate film U: {&S / 3CQ—
¢ - fin half width

X - quality

‘G - mole faction




TRW EQUIPMENT LABORATORIES

NOMENCLATURE (contimed)

(For Analytical Section and Appendices A & B)
Symbols (continued)

Sub scripts

wave number, thermal diffusivity coefficient, sbsorptance
wave growth factor

superheat factors, wave height

mass transfer coefficient

change

film thickness, drop diameter

thermal emittance (hemispherical), mass transfer constant R
unbalance

time
viscosity (absolute)
density

Stefan-Boltzman constant, surface tension, mass transfer
constant

mission time, shear stress

viscosity, kinemstic

two phase pressure drop modulus = AP-rP / A?\r
diffusion rate (component 1 into component 2, example)

collision integral

albedo

bulk

condensation, condensate
diffusion, design

exit



TRW EQuUIPMENT LABORATORIES

NOMENCLATURE (continued)
(For Anelyticel Section and Appendices A & B)

Subscripts (continued)

f‘- condensate, friction, fin

o
C
o

liquid-to-vapor phase change
geometry (diameter)
header

interface

inlet

reference
integrated

liquid

mixture

momentum

neutral

initial, inlet
outlet

pressure

heat transfer

solar, sink, static, sensible, superheat

space
saturation
total
two-phase
thermal
vapor

wall




TRW EQUIPMENT LABORATORIES

NOMENCLATURE (continued)
(For Anslyticel Section and Appendices A & B)

Subscripts (continued)

XX - two digit number referring to nodal point location

| - condensable vapor

7. - noncondenssble gas, vepor f£ilm interface

g_zp_grscrigts

1

- superheat, adjacent
»*

- transition



TRW EQUIPMENT LABORATORIES

SYMBOLS

ACR

ACRP
ACRS
ALPHS

ALPHT

DCMAJ
DCMIN
DDEL
DEHA
DIEHE

DIEP

DIHA
DIIN
DIIND
DIINF
DIINH
DIINO

DIINP

DIINP D

DIINP F

NOMENCLATURE

(For Users' Section and Appendices C & D)

DESCRIPTION

area of entire condenser (one side) including
subcooler, if applicable

total area of primery condenser (one side)
total area of secondary condenser (one side)
solar absorptivity

thermal absorptivity

specific heat of condensate

specific heet of vapor

diameter of conical panel at outlet
diemeter of conicsal panel at inlet
increment of tube diameter to be considered
average inside dliameter of outlet header
inside diameter of exit header at outlet

inside diameter of condenser tube at outlet of
primary condenser

average inside diameter of inlet header
inside tube diameter

increment of DIIN to be considered
largest value of DIIN to be considered
inside diameter of inlet header at inlet
smallest value of DIIN to be considered

inside diameter of condenser tube at the inlet of
the primary condenser

increment of DIINP to be considered

meximum value of DIINP to be considered

N-6

BTU/1b-°F

BTU/1b-°F

in

&

in

in

3




TRW £QuUIPMENT LABORATORIES

NOMENCLATURE (contimued)
(For Users' Section and Appendices C & D)

SYMBOLS DESCRIPTION UNITS
DITNP 0 minimum value of DIINP to be considered in
DIINS inside diemeter of condensing tube at the inlet in

to secondary condenser

DITRX exact inside diameter of tube in
DISC inside diameter of subcooler tube in
DMAX maximm inside tube dlameter to be considered in
DMIN minimm inside tube diameter to be considered in
DOIN outside tube diameter in
DOINX outside diameter of tube in
DPEH pressure drop in ocutlet header psi
DPIH pressure drop in inlet header psi
DPLC frictional pressure drop in condensing section psi
DPICP frictional pressure drop, primary condenser psi
DPLCS frictional pressure drop, secondary condenser psi
DPTM mean static pressure loss across entire condenser psi
DPTOT overall static pressure loss psi
EF emissivity of fin coating

ET emissivity of tube coating

FEFC fin efficiency in condensing section

FEFF approximate fin efficiency

FEFP fin efficiency, primary condenser

FEF1 fin efficiency of first third of condenser

FEF2 fin efficiency of middle third of condenser

FEF3 fin efficiency of last third of condenser

N-7



TRW EQUIPMENT LABORATORIES

SYMBOL
FSV
GAMMA

GT

KC

KTH
LC
LCC
LCG
LCMAX
LCMIN
LCP
Lcs

~-LNPO

LPMIN
LSC
LSCX
LT
LTMAX
LTMIN

LTX

NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

DESCRIPTION

UNITS

maximm allowable Mach number of vepor, only

ratio of specific heats of vapor
greater than

heat of vaporization of working fluid
thermal conductivity of condensate
thermal conductivity of fin material
thermal conductivity of tube material
condensing length

aversge condensing length

specified average condensing length
meximum allowable condensing length
minimm sllowable condensing length
condensing length, primsry condenser

condensing length, secondary condenser

the negative of the natural log of the probability

of no meteoroid puncture in TAU days
meximum length of primery condenser
minimum length of primary condenser
subcooler length

subcooler length

total condenser length (including subcooler)

maximum total condenser length

minimum total length

total condenser length (including subcooler)

working fluid molecular weight
N-8

o2 @ 2 2 2 @

o

&
S
g
]
(]

\




TRW EQuUIPMENT LABORATORIES

SYMBOL
MACH

MDVE

MDVIN

ND
NF

NO

NDEL

NOMENCLATURE (continued)

(For Users' Section and Appendices C & D)

DESCRIPTIOR
Mach number of vapor, only
weight of entire condenser, including subcooler
flow rate of noncondenseble gas, H2
flow rate in individual segment
total flow rate
total flow rate, Hy + H20
total flow rate of water vapor at condenser outlet
flow rate of water vapor at condenser inlet
modulus of elasticity of fin material
modulus of elasticity of tube material
weight of fin
flow rate of noncondensable gas per tube

weight of all headers

weight of inner fin (closed sandwich cone or cylinder)

weight of inlet header

weight of tubes

outlet water vapor flow rate per tube
inlet water vapor flow rate per tube
total number of tubes

increment of N to be considered
maximum value of N to be considered
minimum value of N to be considered
increment of N to be considered

increment of N to be considered

N-9

1b
1b/min
1b/min
1b/min
1b/min
1b/min
1b/min
psi
psi

1b
1b/min
1b

1b

1b

1b
1b/min

1b/min



TRW EQuIPMENT LABORATORIES

SYMBOL

NMIN
NO
NOS

NPG

NS-S

NUEG
PEP
PC
PIR
PM
POMIX

PPWR

PUNT

QFTOT
QsC
QTOT
QTOTC

NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

DESCRIPTION UNITS
largest value of N to be considered
maximum value of N to be considered
minimm value of N to be considered
smallest value of N to be considered
number of different sink temperature values

gravitational capability based on multiple tube g's
stebility

total number of segments operating
gravitational capability based on film transport g's
minimm gravitational capability g's

proportional bypass code (see paragraph T.4.2)

average condensing pressure psia
reference saturation pressure (see paragraph T.k.lt) psia
total pressure psia
outlet water vapor partial pressure at TOMIX psia
equivalent pump power consumed in radiator (assumes HP
100% efficient pump - not applicable to compressor
systems)

tube-fin, panel and working fluid description
(see figure 11)

total fin heat rejection BIU/hr
fin heat rejection in condensing section BTU/hr
total fin heat rejection BIU/hr
subcooler heat rejection BIU/hr
total heat rejection BTU/hr
total heat rejection in condensing section BTU/hr

N-10
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NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

SYMBOL DESCRIPTION UNITS
QTOTP heat rejection, primary condenser BTU/hr
QTOTS total heat rejection in subcooler (not applicable BTU/hr
to primary/secondary)
QToTS latent heat rejection, secondary condenser BTU/hr
QT total tube heat rejection BTU/hr
QTTC tube heat rejection in condensing section BTU/hr
QITOT total tube heat rejection BTU/hr
R gas constant 1op£t/°R 1By,
RHIF density of internal fin material, closed sandwich 1p/£t3
cone or cylinder
RHOF density of fin material 1b/ft3
RHOH density of header material 1b/£t3
REOIF density of internal fin material, closed sandwich 1b/2t3
cone or cylinder
RHOL density of condensate v/ ft3
RHOT density of tube material 1b/t3
S total number of segments available (in entire condenser)
S°NS number of segments operating
SHIN inlet specific humidity
SHOUT specific humidity resulting from mixture of outlet
flows of all segments
sovv sonic velocity of the vapor, only ft/sec
SUFT liquid-vapor surface tension 1b/ft
T temperature °Rr
TAU mission time days
TC average condensing temperature °r
TCG given condensing temperature OR
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SYMBOL
TCAPG

TCM

TFIN

TFMIN

TFOUT

TFS
TH
THETA
TIF
TIMIC
TIN
TINSA

TIR

TMIXG

TOMIX

TOU
TOUT

TOUTM

NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

DESCRIPTION
approximate condensing temperature
mean condensing temperature
fin thickness
fin thickness at condenser inlet
maximum allowable TF fin thickness

minimmm allowable fin thickness (both fins in a
closed sandwich non-cone)

fin thickness at condenser outlet

fin thickness, primary condenser

fin thickness, secondary condenser

given header wall thickness

fraction of inlet flow, by-passed

internallfin thickness, closed sandwich cone or cylinder
inlet superheat

inlet temperature

inlet water vapor saturation temperature

reference saturation temperature (at PIR)
(see paragraph 7.4.4)

target outlet mixture temperature

temperature resulting from mixing of by-passed vapor
and condensate from condenser

temperature resulting from mixture of the outlet
flows of all segments

individuel segement outlet saturation temperature

outlet fluid temperature of individual segment

mixed outlet target temperature

N-12
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NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

SYMBOL DESCRIPTION UNITS
TS sink temperature °r
TG given tube wall thickness (will cause by-pass of in
meteoroid protection requirement)
TTP tube wall thickness, primary condenser in
TIX tube wall thickness in
T10 saturation temperature 1/6 of the way through the °rR
condenser
T20 saturation temperature 1/2 of the way through the °r
condenser
T30 saturation temperature 5/6 of the way through the °R
condenser
VIN vapor velocity at inlet ft/sec
VISL absolute viscosity of condensate 1b/ft-sec
VISV absolute viscosity of vapor 1b/ft-sec
VME velocity of mixture at condenser outlet 't/sec
VMIN inlet mixture velocity ft/sec
W total condenser width ft
WBARE total condenser width at outlet (in triform, three ft
times single panel width, ete.)
WBARI total condenser width at inlet 't
WEREX condenser total width at outlet ft
WERIX total condenser width at inlet 't
WIN D increment of fin half-width to be considered in
WIN DEL  increment of fin half-width to be considered in
WIN F maximum value of fin half-width to be considered in
WIN MAX maximum value of fin half-width to be considered in

N-13
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SYMBOL
WIN MIN
WIN O
WINA
WINA D
WINA F
WINA O
WINS
WINX

WINXX

WMIN
WOUX
WOUXX

XIN

NOMENCLATURE (continued)
(For Users' Section and Appendices C & D)

DESCRIPTION
minimum value of fin half-width to be considered
minimum value of fin half-width to be considered
fin half-width
increment of fin half-width to be considered
largest value of fin hsalf-width to be considered
smallest value of fin half-width to be considered
fin half-width, secondary condenser
fin helf-width at inlet
fin half-width at inlet

maximm allowable total condenser width (in triform
three times single panel width, etc.)

minimum allowable total condenser width
fin half-width at outlet
f£in half-width at outlet

inlet quality

N-14
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APPENDIX A-1

TYPICAL NODAL POINT HEAT FLOW SUMMATION

Consider fin nodal point 24 (second zone, fourth nodal point) of a typical
condensing section (see sketch below and Figure 4 of text).

Zone 1 Zone _2_ Z°PE 3 . 4
11,12 21,22 31,32 \.
13 23 33 w;lo ¥
1% N E Yy w/5
A
15 25 35 3¥/10 i
16 26 36 1 2w/
tf ——] { 5
. Lo/3 —efa— Lo/3 —j— Lo/3 —f II

(The nomenclature used in Appendix A is identical to that used in the
Analytical Section, see Nomenclature Section.)

For steady state conditions, the summation of heat flows around nodal point 2k
is equal to zero:

QE te Kp M conduction from 23 to 24
* =
+ g bk, Tk - Tan) conduction from 1k to 2k
Le
3
. oLy g (Toy - T) conduction from 24 to 25
3 T°¢ 5w
-0
.. te Kp M conduction from 24 to 34
5 't L
C
3
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.

c T e ( 4 4 ) net radiation
- f FoLapgp (Tgy - T exchange between
3 24 2 sink” 2l (both sides)
and space

w
- 2 -
>

!
o

Note: Conduction through fin, perpendiculsr to fin faces, is assumed infinite.

These summations are written for all the applicable nodal points and solved
simulteneously to obtain the temperatures.
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APPENDIX A-2

RADIATION BLOCKAGE FACTORS

Consider a central fin configuration as shown below (also see Figure 4 of text).

f,-wo\

K

1 2
( —..| '.._dx

A 2w

From reference 16, the view factor from an element dx to tube 1, Fax-1» 1s:

(A-1)

sin§3 - sin § 1
Fax—e1 = 5

assuming an infinitely long tube. This latter assumption introduces negligible
error since reference 27 shows that the change in view factor with tube length
is negligible once the tube length exceeds the width of dx.

Evaluating Fdx -1

R

r+Xx

sin§3= 1.0
r _ 1 1. ﬁr +x)2 - ra] (a-2)
d.x"'l— 2 r+x

Similarly:
F 1 \!(2w+r-x)2-r2 (A-3)
dx =2 " 2 ) 2W+r-x -3

In both cases, the fin thickness is assumed negligible from a gecmetrical
standpoint. The view factor of the total fin width 2 w to tube 1 can be found
by integrating:
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2w
1
Py 1" awf (Fax 1) O (A-k)
(o]
1 1 [z r -1( 1 )
=2 2 Nyt oty %% N1 oo
r
Using:
k=n 1
AyFypg = A Frey o0d kZl Fik ©

the followling cen be derived:

b ow
Fl—'-ew“i- T Py vl

=128 g

1
F = F

w

F2 w > SP

1
Fsp=1= 3 [l“FSP-»aw]

¢ (20%)
F = X (1+2
1=-SP T r ) fep—1

‘% [l +¥ (1- \i§+1) +'12"cos-l(';_]_;__iz)] (A-5)

Equation A-5 represents the geometric view factor of a tube (for a central
fin-tube configuration) to space.

For an open or closed sandwich tube-fin configuration:

A-k
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et 2w .

the incremental fin area to tube view factor can again be expressed as:

sin§3-sin§l

Fiy ey = (a-6)
2
whe
e s:l.n$.,=l
- 3
and
R
l=90-2cos \l(r+x)2 2
1 r+Xx
= (9 - -
c082 ( fl) Q(r+x)a +r2
\[1-!-005(90-{) r+x
2 J(rﬂc)2 + 2P
2(r+x)2
l+sinql = (r+x)2 )
é (r+x)2 - r2
sin 1 = (1-+x)2 + r2

A-5
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and substituting into (A-6) ylelds:

1 (r+x)2-r2]
Fax -1 = 2 [1' (r +x)2 + r2 (A-7)
Similarly:
1 (2w+r-x)2-r2]
Taxw2 72 {l- (2w +r-x)°% +1r° (8-)

Again, the view factor of the total fin width 2 w to tube 1 can be found by
integrating:

1 2w
F2 w1 ;w (Fdx-v]_) ax (A-9)
o
_ X -1 ﬁ) m
= r [ tan (l + 75 - r]
Again, by view factor algebra:
- 2 L4
F]_-»sp 1T (l tr ) Fspr1
1 -
=—[1+tanl(1+3-")- T-r] (A-10)
v r N

Equation (A-10) represents the geometric view factor for tubes to space for open
sandwich construction (not epplicable for closed sandwich).

The exact expression for the view factor of a fin element between limits of

Xy and X, to both tubes 1 and 2 can be found by integrating the following
equation:

Xp
1
yxp—-1,2 T By xp J [(Fdx"'l) ' (Fdx"'a)] (A1)
X
1

w
For example, the resulting expression for a typical nodal point between X; = 7§

and X, = 3w (nodel point 4) for a central fin configuration yields:
10
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1 1 60r 5r -1 1
F = - 2 - = o o— o = 8
¥ N a2 [ N9+t co (
10’ 10

, ™ .,
10r
1 20r or -1 1 1 340r
+3\N1+= -5 cos (."__ +1)+2 289+W
10r
- 2L oot 1 - 361 +
w 17w 2 w
== +1
10r
5r <1 ' 1
+ 2= cos (__19w 5 )] (a-12)
L 1
10r

Obviously, equations for fin segments-to-tube view factors similar to equation

(A-12) are lengthy and would add vast camplexity to the simultaneous nodal point
equation solution.

If it is assumed that the view factor from a fin segment to both tubes is

constant between the limits of and xp and equal to the point to tubes view
factor at the (xl+xa) /2 location, the following simpler expression could be used:

Faxp+1,2 = Fax—w1 * Faxsop (A-13)

For the location investigated in equation (A-12), the view factor would equal

J.h§+.0h

F, = 1 -
%0-’ % - 1,2 7 2;4' A (a 1)
326 +3.6%
i 2% + 3.6

A comparison between values for view factors using equation (A-11) and those
obtained using equation (A-13) was made.

Figure A-1 (Figures for Appendix A can be found at the end of the appendix) shows
the comparison of the integrated values of F for the four sections compared with
the value at the center assuming r/w = 1 (considered an upper limit).

Evaluating now the view factor 3 to 1 (largest error) for r/w = 0.1 (considered
a lower limit) results in:

A-T
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Integrated Value:
Mid-Point Value:

4 Error = 19.16%

1576
127k

Without going through all the possible values of r/w, it appears as if the
maximum error in fin-to-tube view factor will occur at low r/w in section 3

(closest to tube).

Since this error will probsbly not exceed 20% and since it

affects only about 20% of the total heat rejected from the condenser, the
maximum error in overall condenser heat rejection should not exceed 4% if the
mid-point view factors rather than integrated ones are used.

Figures A-2 and A-3 list these mid-point view factors for central fin and open
and closed sandwich.

In the case of the closed sandwich, furthermore, there exist fin-to-fin view
factors. It can be appreciated that, if all possible fin-to-fin view factors
are considered, the resulting sixty-four coefficients would unnecessarily

complicate the program. We will, therefore, examine the array and see if any
may be neglected.

From reference 16 the following can be written:

-/

4

pic

Applying this equation to the view factor from section 3 on one fin to section 4
of the opposite fin (remembering we have a closed sandwich) results in:

r/w F3<>1+1
05 -096
.2 .203
.1 270

Now investigeting the view factor from 3 to other opposite areas for r/w = ,10
(worst case) results in:

Areas Consldered

F3,h'
F3..5l

F3’6'

View Factor

.270

.078

.021
A-8
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Based on these results, it is felt that fin-to-fin view factors for the closed
sandwich beyond one section to either side of the section in question are
negligible.

The required view factors then are:

w/r w/r
F *h'.-_- -
3 1631 +.01625 (w/r)2 80 N1 + .000625 (v/r)2

w/r w/r

10\1 + .ou (w/r)? 4o \(1 + .0025 (w/r)2

v/r w/r
Fop 4=
56! 7.2727‘11 + .07563(w/r)2 26.667 \r 1+ .005625(w/r)2

Fh_>5'=

1
Fh""S' = 2 F3->l|.'
2
FS-’ZL' - § Fh--—st
Ff ~ 1 = -‘3: F- 7
6-+=5" %+ 506

However, as explained in paragraph 3.1.2, the overall effect of these
fin-to-fin view factors in the closed sandwich construction were considered
negligible and no thermal interaction was considered between the fins. The
view factors of Figures A-2 and A-3, however, are calculated and used in all
the programs.
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APPENDIX A-3

PANEL-TO-PANEL VIEW FACTOR

Triform

From reference 16 the following equation can be written:

1
& »
Note: Infinite length
perpendicular to
paper 6;2 o 2
X =t
L
=1 -
Faxar =2 (sin @, - 512 @) (A-15)
1 x + L cos 60°
= 1 -
2 N(x - L cos 60°)2 + (L sin 60°)2

1 [ x + .51 ]
= - l-
2 N(x + .5L)2 + .75 12

lety = x/
[1 AN ____] (A-16)
‘J(y +.5)2 +,75°

Fa_,_l = - j -1.2. {l-%z—] L dy
L % 2 (y + .5)2 + .52

=

i
(S

-

A-10
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1.5
F -1 j [1 = ] du
2%+1 2 - ,
.5 u2+.752
105
=1 _ 1 2 2 =
=3 > [ u“ + .75 J . 134
s F =l-ol3h=c%6

o0 2""’8]?808

Evaluating (A-16) on a local basis results in the upper curve of Figure A-lL.
Cruciform

Performing the same analysis for the cruciform yields:

Again, for infinite dimension perpendicular to paper

Fax »1 =%— [sin §2- sinél]

=% [1 - 2x+ . :] (A-17)
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= 0283
F) o space = *107

Equation (A-17) is plotted as the lower curve in Flgure A-b,

A-12




TRW E£QuUIPMENT LABORATORIES

APPENDIX A-h

HEAT AND MASS TRANSFER COEFFICIENT
FOR HYDROGEN AND WATER VAPOR

In determining the heat transfer fram a two-component condensing mixture , 1t
is convenient to determine the sensible heat transfer coefficient and then,
realizing the potential for latent heat transfer is coupled to the potential
for sensible heat transfer through the Clausius-Clapeyron equation, determine
the ratio of latent to sensible heat transfer coefficients.

Finding first, then, the sensible coefficient:

BD - o265 (}G-).a (9#)‘3
h = .0265 G'8 kT 3

——

D 2 ﬂTS
also

:lD;/:a ’wmxeaa/u ( i_ 2) e (02

_ R Py . R, 1
"% 1 (Pm'Pl) "2 Ry [(Pm/Pl)"l]
.8 .8 8 .7ne3
sh=.025 2 (R __i——] k. C - (A-18)
p-2 (Rl ) {(Pmlpl)' 1 A2

See expressions for C and /u as functions of T, Pm on following pages.
Viscosity of Mixture

Wilke's equation for binary mixtures at low pressure (reference 28)

. Ay R A - (A-19)
A 1 Hyo/r) @ 1o 1 +1/v2) P

o [ MM e ] 2
é 12 - = %
2N2 (1+M/M)

A-13
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§ .L + Mopt)® /)t ] 2
a7 et

Y1 and y, are the mole fractions of the components, therefore,

V2 B2 Fm-P_ P Note: ¥ = Ny/N = P, /Py
iR Py P

and
ﬁ P, 1

P Pn-F (Pm/Pl)' 1
From the Clapeyron relation,

h J A
P, = P, . exp fvi [_._T__ -l] Note: exp AS @
R T Tir

o | I exp(hm")(l_ _T_)

which makes yp/y; and yl/y functions of T and Py, as a result, /a = function
(T, Py) for glven components 1 and 2.

and

Speclific Heat of Mixture

c= mC  , MC
motm o m o,

o = S *lmo/m)ep

L +(ny/m)
For a gaseous mixture of perfect gas,
p/p = MM
12 o M
2 M
m PoMp  (Pn-P) M _(_P_,g_ ) X
m P M Py M Py M
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e = €1 {Pm/Pl)- l]"2/M1 Co (A-20)
1+{(my/r)) - 2] mm

Mixture Thermal Conductivity
1

= 5 (kg +k_) (Reference 28)
X K +x k a L _a ., %
X an = = —

sm - XL %5 tX % k K, K,

X5 X5 = mole fractions
In terms of our nomenclature: Ky kp iy k2
ksm = lel + N2k2 = P_l + Eg = f_]_. + Pm - Pl
M, NN Pn Pn Pn Pn

1 (Pl 1 +(P2) 1 P, , Pu-Py
kem \Pm /K1 Pm ) ko Py Py kp

Note: P, is a function of T (Clapeyron's relation), therefore, km becomes
a function of temperature.

2km=Plkl+(Pm-Pl)k+ 1
Pp 2 P1/Py k3 + (Py - P1)/Pp ko
2k = <= (k, -k,) +k, + 1 1 1
1 2 2 P. /P = .= + =
n 2 1/ m( k) k2 ) k2

Combining equations A-18, A-19, A-20 and A-21 for a hydrogen-water vapor mixture
(saturated) results in:

c8

v s 7 (&)t

Op

where: h is in Btu/hr-ft°-
G is in 1b/ft2-hr
D is in £t

£(T) is in Btu sec*’
nre ! £6°2 OF 1b°°

f (T) 1s plotted in Figure A-5. This relationship will be used later.

We will now analyze the analogy between heat and mass transfer. For the analogy
%o apply, Pp = S, or S,/Pp = O¢ /D (Lewis Number) = 1. This situation is often

A-15
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encountered in gas mixtures. The Lewis number for a mixture of H2 - H%O will be
determined later for substantiation of this proposed method of analysis.

The following assumptions are made: (a) the partial-pressure difference within
the boundary lsyer should be small contrasted to the average fluid pressure;
(b) the flow and heat transfer are not influenced by the mess transfer which
implies that the properties appearing in the heat transfer equation are
practically the properties of fluid 2 (noncondensasble). In summary, fluid 1
(condensable) should be in low concentration, and the temperature at the wall
should not be much less than the saturation temperature of the condensable in
the stream.

It is the purpose of this analysis to determine the ratio hD/h by analogy
between the heat and mass transfer. This quantity is required in the heat
balance equation.

By definition:

hD = Mv Rl T
= — (spplicable when the temperature difference
le - P]_ in the boundary layer is smell contrasted to
the absolute temperature)
h = 2
- T - T
w

In order to relate the ratio mol/ to the concentration and partial pressure
ratio (condenssble to noncondensable), the following analysis is performed:

Assume perfect gas laws to hold for each constituent,
PpVp =W Ry T) and By Vy =Wy Ry Ty

In terms of molecular weight and the universal gas constant R,

W Wa
PpVp= LR TadP, V= 2 By,
My My

M 1b/mole
W 1lb

and W/M = N (number of moles).

In a mixture V; = V2, '.I'l = T2 then,

———— s S— — S———

for inlet conditions

A-16
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Fa .M %

P2 m, ¥
Example:

My (Hp) =2

M, (8,0) =18

and m, =m, then

Thus, for equal weight quantities of constituents 1 (HEO) and 2 (Hy), the con-
centration of 1 can be considered small contrasted to

We will now compute the Lewls Number

A
8o, = -1.18 %% (Reference 28)
12 (2 Do 2y (Ml + Mp ) )

Assume T = 300°F, T60°R, 422%

Exemple:

(1) water vepor (2) nydrogen 3
Gh =2.968 A €,/x = 33.3% Note: (_E_e _l) - 562 & .
o K K K
gy = 2.649 A €l/K = 356 K
el? = 1.09 x 102

1
°~12 =3 (2.968 + 2.649) = 2.808

KT T
-6 & G- T

« KT 422 .88

Py —————————— -
= =

°e -6_]:2 1.09 x 102
.Q..D = .89, M; =18 and M, = 2 (Reference 26)

A-17
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KT . k22 _ 5,
€ 33.3 ’

Jﬂ.v = .8023 (Reference 28)

N

s B (2.808)2 (2 )1/2
Seip = 1418 Tgoo3 2.968 18 + 2

Scl2 = 1,18 x 1.11 x .895 x .948 = 1.11

Computing the Lewis Number:

Sc 1.11
e T - 1.62 -2 . Lewis Number
Pr, .686 Dip
oc 11 £t2/nr 5 23 a2
Dyp = = = 6.8 £t2/nr = 1.89 x 1073 ft=/sec
1.62 1.62

The Lewis Number is not far from 1, therefore, the analogy between heat and
mass transfer should be sppliceble. Another consideration is to compute the
Pr number for the mixture.

Based on the analogy between heat and mass transfer, the following relationships
are assumed:

Nu = C Re®PrP (a-22)
A‘

where /\ is the dimensionless mass transfer coefficient

Ae 2 oL

C Re®ge?

)

Dividing (A-23) by (A-22)

A-18

e
1
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b b
Sc D
hp/h =D/ [ 22 ) = 22 (Le)
o/n = D12 (p,.. ) L
Since o¢= k/ pc ve can also write:
bp . Do b L\ >t
B T ee (Le) =(_
ec ec
or, in terms of properties,
b-1 3 b=l 1-b
by K 1 [k ) 2 fDhp 2
h pc D12 pe D1o (Qc)b = (Qe)

It is recommended that mixture properties be used for k , P and c¢ for greater
accuracy. The properties comprising hD/h may be computed as follows:

Diffusion coefficients:

1
3 ﬁ+%]§
357 —_—
Dyp = 1056 x 07T [ MM (Reference 28)
Pn lea-a—D
where
0 =% (0, + @) Gy (H0) = 2.649; G (H,) = 2.9%68
.SLD = £ (KT/€ ,) (Reference 28)
€= 65 1€,
finding
—e—!’- & _§_2 (Reference 28)
K K
since

-

(& xee)"’ AT
* T —x " %

Compute ( (4 ¢) for a mixture of constituents 1 and 2,

( 1 c)m = Cm (volumetric heat capacity) Btu/ £t3-%p

A-19



TRW EQUIPMENT LABORATORIES

Cp=Cy +Cp (both constituents 1 and 2 occupy the same
volume, therefore, the volumetric heat
P C Ps C capacity is obtained by addition of the
Cp= -2 -+ 2272 heat capacity of each)
R T Ry T
also
P, = Pl + P2

P, C (Pp - P1) C Py C Py, C P
(el - 101, \m-P)C_ PG PpC PG

Ry T Ry T R T RoT Ro T
P C C

(pelp= 2 (2-2) +
T ‘R R Rp T

P P C C C
(Ron- 2 [2 (- 2+ ]

Note that R = Rl Ml = R2 M2

_ Pn Phh 0¥ _ CGK Ce"’e]
(ec)mF[E(R R)+ R
oMoz C

- *

LMy = G
P[P
(Qe)y = 5‘% [P_i (c* - ) + Ca*]

Note: *
Cp = 7 diatomic gases (H2)

C{ = 8 triatomic gases (H20)
For H2(2), H2O(l) mixture

(gon- 2 | 2 ©-n+7] -2 (B 1)
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In summary, to compute hp/h use

o/ - (D'i‘z)l-b Ty (a-2k)

insert mixture properties for e,c and k using

Py Py * * »*
c=2 |12 [(¢*- +C
TR.[Pm (l ¢ ) 2]

2k=§i(kl-k2)+k2+‘ﬁ(i:-i;)+ _}__jl-l
D, - [1.858110'3 /2 7 [ M+ M ) 3 ]
Pm 0-11.22-9-'D J <M1“2

vhere L1, = £ (T) see Figure A-6.

Figure A-7 shows equation (A-24) plotted as a function of Py and temperature
at saturation.

We will now cambine the heat and mass transfer considerations.

The mass transfer to the wall due to condensation of component 1 when T, is
below the dew point of 1 is given by

my = 2D (P, - Py (a-25)
RlT
(Note: perfect gas assumed)

The latent heat transfer associated with the mass transfer can, therefore, be
expressed as

by heyy
Qvi = My Bevy = ®RT (Py - P)
The sensible heat transfer portion of the total heat transfer is
@ =h(T-T)
Adding the two gives
Q=0Qpvy +Q =h (T-T,) + I Bevi (P, - Ppy,)

R T

A-21
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Q=h(T-T) [1 + :DR:f;I gl_',r?)“’) (A-26)

The ratio hD/ h can be determined from the analogy between the heat and mass

transfer mechanism. This analogy applies if component 1 is in low concentration
in component 2.

If the partial pressure difference between the stream and wall is not too great

as a result of the temperature difference being small when compared to the
absolute temperature, then the expression,

(Py - P1)/(T - T,)

in (A-26) can be made equal to dPl/d'l‘ by utilizing the Clapyeron equation as
follows:

Py - Py, 4Py Py heyh J

= = A-2
T-mT, 4T R, T® (a-27)

Combining equations (A-26) and (A-27):

ere-n () 3 5]
e [10(2) ]

=h (T-1T,) [1 +(?) F (T)]

2
F(T) heyy P J

U

R2 T3
1
(778) (44)  hppy® Py
85.72 73
- 15.25 hfvla Py
3
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vhere:
hp,, 18 in Btu/lb

P, is in 1b/in?
T is in °R
F(T) is in Btu/rt3-°R

Figure A-8 shows F (T) plotted as a function of P_ and T at saturation. It
can be seen from Figures A-7 and A-8 that n

D F(1)>¥>1
80:
Q= h(.}.lh.]?) F (T) (T - Ty)
.8
_ 1l g hp )
"% 2 £ (T)(h_)l? (T) (T - T,)
.8
-1 % F ar
60 _.o
D
where:
Q 1s in Btu/hr-£t°
G is in 1b/ft%-hr
D is in ft

F (T) is in Btu/hr-rt2-°F
AT is in °R
F (T) 1s plo‘t';ted in Figure A-9 as a function of Pm and T at saturation.

Substituting representative values of G and D in the above equation for Q results
in combined coefficients of 1000-2000 Btu/hr-ft2-°F. Since this high a value of
combined h will have small resistance to heat flow when compared to the wall and
radiation resistance, its value will be taken as constant at 1000 Btu/hr-ft2-OF
and not entered in the programs as a function of P, and T.

A-23
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APPENDIX A-5

HEAT LOSS ANALYSIS OF A TWO-COMPONENT MIXTURE

Examine a small section of a tube in which a two-component mixture at the
saturation temperature of one of the components is flowing:

!
L *+-— 4aL —-|
| |
hy; hoj heys heyy | I omp; my +dmy
m ;5 my i | My + dmpy; THAT; Tt 4+ 4T°?
mey; Ts T l | B +dhy; hp + dhp; hey+dhey shevy T8Beyy
' |
i ' |
| |
dq Note: The prime denotes
superheated state, 1l.e.,
Notation: T' - T = superheat.

Subscript 1 refers to the condensable phase (vapor).

Subscript f1 refers to the liquid phase of 1.

Subscript 2 refers to the noncondensable phase (gas).

Energy Balance:
hym + hoy + hyy mey + dq = mp (hp + dhp) + (my + dmy)
(by +dm) + (mpy + amey) (bey + dbpy)

dq =mp dhp + m) dhy + hy dm + mpy dhp) + hyy dmpey
Py

///fcl(T'-T) hy = ¢y(T' = T) + hpyy + hyy
21l Teva N\ hy = ¢1(T' - T) + heyy + cpy (T-Tg)
dh) = c; (4T' - dT) + dhpyy + cpy 4T

temp.

A- 24
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Mass Balance:
m, = constant
m +m =m, = constant
dm = - dmgy
cambining mess and heat balance gives
dq = mpdhy + mdhy + hydm + (mgy - m) dhpy - by dm
dq = mydhy + mdhy + (hy - hpy) dmy + (mgy - m) dhgy (A-28)

hy =cy (T' = T) + hpyy + hpy

and

dhy = c; (aT' - 4T) + dhpyy + dhpy

also

02 ar!

d.h2

substituting these into (A-28) we have
dq = mpeAT' + mycy (dT' - 4T) + mydhp,y + mdhey + €y (' - T)

dmy + heyy dm + (mg) - m) dhey
and
mpcp AT = mp cp dT" - mpep AT + mpep AT =

[m2c2 + n,Co M%T-_Tl J 4aTr

da (T -1 d | mey (7' - T)]

dq ={m2°2 * Do) Cpy *+MpCp —'g?rr__ ol ar ZdT *
heyy dm + my dheyy

dq = {m202 (1 + E_%T.'_-_Il ) + my1 S, (l + imlCl(T' = J)ldT +

mo cp1dT
Bevy dmy  +my dhpeyy

LetT'-'I‘=ATs
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temp.

Let

Therefore,

define

L

d AT
dg = ¢ mycp (1 + a 2) +mey epp (1 + 2 Cmey ATS]) aT +
aT my cpy 4T

heyp dmy +my  dhpy

AaAT, _ T
de = (1-a)%_%2 and d tmlcé ATs]=mol e ATg,

[ ()]

ATso c]1 m
dq = 1+ |1- e Y - =L
d {m202 ( [ 8] AT ) +mo epr (14 o 1 (mol a

AT
Ao F R dm tm dhpy

1+(1-a) ATso

6.

KT
_ c T
B, =1+ 2 [(1)-<a>£‘.e_1£_fg
¢r1 my] AT
The assumption is made in the progrems that a = o (saturated outlet). Then:
62 = 1 + ATSO
AT
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Ba-2 () &%
cr1 T
and the heat balance becomes

6 = (o B o +mgy epn B 1) AT +hpyy  am 4 my dhgyy  (4-29)

The amount of sa.turated phase 1 contained in component 2 depends on the tempera-
ture level. Thus m mg is a function of the temperature. This relationship can
be established by t%e equations of state. Assuming perfect gases for comstituents
1l and 2, we have

m _ P1Vy RTo

n, Rl‘l‘ P V
In a gaseous mixture in thermal equilibrium T, = T, V; = Vo and by Dalton's
Law of partial pressures Pm = Pl + P2, theref%re » ve obtain

m RR R B
m, Ry Pp Ry (Pp - P) (A-30)

where Pl is a function of T for saturated conditions of component 1. Thus

my
m;, =T (T)
In order to combine (A-29) and (A-30) differentiate (A-30) as follows:

m (B - B) = (mp g.?i)rl

= Ry PBpdphy A-31
Combine (A-31) with (A-29) eliminating dm; and m;
R, P, dP
dq = (mpep B o+ my) c£1@ )T + hpyy T g‘i (ﬁlﬁ
Rp P A-
=5 (gm) e )

The relationship between T and Pl for saturated conditions for constituent 1
can be established by the Clapeyron relation, namely,

A-27
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dPy = bpyy J 4T
Py Ry

(A-33)

(Note: In this form of Clapeyron's relation, a perfect gas is assumed and also
the specific volume of the liquid phase is neglected when contrasted to the
specific volume of the vapor phase.)

Combining equations (A-32) and (A-33) and realizing that:

dhﬁlz( %hfll) sat dT

results in:
dq = ar } (mepfp + mg) epf1) +mp z—i (ﬁl——l—)
P -
vl o J Py/P)
B_T_) st T TL BT (Py/Py - 1}
where
_ R 1 d hpayq 2 J p /P
(s 2 —— ) + ey = ]
d T (B - 1) [(b T T et bR (P/Py - 1)
(A-35)

h
Evaluating () fvl) for water between 100 and SOOOF
a T sat

)

v
sat

results in:

Combining equations (A-35) and (A-36) yields £ (T) as a function of temperature
and total pressure shown plotted in Figure A-10. By curve fitting:

- . L36o (T in °R) (A-36)
.38

oh
0

g (T) = 41.9 P -1l.112 e .0237T

m
Tout

since
q= l ar [m2°2Q2+ myy enar +me § (T)]

in
A-28
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P
out 3,112 .0237T
a = (meaRo* M) en@1)(Tyy - Ty ) +ma) Mrg e ar

T

in
-1.112
@ = (mxep@p + Moy ey B1)(Tan - Tout) - 1770 moBy
vhere: q is in Btu/min

m is in 1b/min

¢ 1s in Btu/1b-°F
T is in °R

P is in 1b/in-ebs.

Equation (A-37) is included in simultaneous heat flow equations and represents
the heat loss of a saturated hydrogen-water vapor mixture when cooled from

Tin to To‘lt .
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COMPARISON OF INTEGRATED VS. MID-POINT VALUES

OF FIN-TO-TUBE VIEW FACTORS FOR r/w = 1

Sees?cnm L FIntegrated Fot Mid-Point % error
3tol -359 .348 3.07
4 to 1 . 2265 2237 1.23
5tol 1394 .1379 1.03
6 to 1 .0863 .08h2 2.1
6 to 1! .0552 o547 . 707
5 to 1" .0k05 NeToll .987
b to 1! .0331 .0330 .303
3 to1f .03010 .02961 1.63

NOTE: 1' refers to the adjacent tube.

Figure A-1
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VIEW FACTORS FOR CENTRAL FIN

Section View Factor to Both Tubes
5 L. LG + 0025 N3.8025 + 3.9 (x/w)
2 (rfw) + .1 2 (r/w) + 3.9
4 1 - J.b (zfw) + .0k i N 3.2h + 3.6 (x/w)
2 (r/fw+ .1 2 (r/w) + 3.6
5 L N ) v aoes | J2ukoes + 3.1 (xfw)
2 (r/w) + .9 2 (r/w) + 3.1
p N ) v Npb 2. (z/w)
2 (r/w) + 1.6 2 (r/w) + 2.4
mvézwtgacszzze = %: (:l +wfr (1 -g(r/w) +1)+ % cos"l ( ']_—357;)]

Figure A-2
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VIEW FACTORS FOR OPEN AND CLOSED SANDWICH

Section View Factor to Both Tubes
3 1. L (ilxfw) +.0025 . 3:8025 + 3.9(x/w)
2 Lz/w) +.0025 + 2(x/w)2  3.8025 + 3.9(x/w)+ 2(r/w)2
1 | .b(x/w) + .0k 3.24 + 3.6(r/w)
4 P2 e/e) ¢ 0k 22 Y 3.3k ¢ 3.6(e/w)+ 2(c/w)2 |
5 1.1 .9(r/w) + .2025 . 2:4025 + 3.1(r/w) »
2 | .9(r/w) + .2025 + 2(r/w)2  2.4025 + 3.1(r/w)+ 2(r/w)2]
c L2 F1.6(x/w) + .64 o, Lo+ 2.4 (xjw) _
- Ll.6(r/w) + .64 + 2(x/w)S T 1.h o+ 2.4(x/w) + 2(x/w)"
[ -
N to fpece = a7 |1+ ter 2w/ - T/

Figure A-3
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VIEW FACTOR TO SPACE

LOCAL VIEW FACTOR TO SPACE -
TRIFORM AND CRUCIFORM CONFIGURATIONS

1.0
TRIFORM -
)’ TRIFORM AVERAG
0.8
CRUCIF ORM ;(
CRUCIFORM AVERAGE
0.6
0.4
0.2
0
0 .2 4 6 .8 1
X/ L
L
-L~—|
= X e X
CRUCIFORM TRIFORM

Figure A-k4

.0
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£(T) VS. TEMPERATURE
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APPENDIX B-1

FILM STABILITY ANALYSIS

Iwo types of film instabilities may affect the performance of space condenser-radi-
ators. The first is known as the Kelvin-Helmholtz (inertia and surface tension)
instability and the second is the Schlichting-Tollmien (inertia and viscosity)
instability. Both are characterized by the breakup of a wall-bound film and
transition from annular to fog flow (dispersed condensate) as shown in Figure

B-1. (Figures for Appendix B can be found at the end of the Appendix. )

This appendix will determine which type of instability is likely to govern in
space condensers and where it will occur. Knowledge of this transition point
will ensble a designer to intelligently apply two-phase pressure drop information
to space condensers, i.e., annular flow correlations prior to film breakup and
fog flow correlations subsequent to f£ilm breakup.

First examine the Kelvin-Helmholtz phenomena. Figure B-2 shows how the film
Reynolds and Weber numbers vary with condensing length.

Knowledge of the maximum value of film Weber number could give some ingight into
the importance of this instability mode. Finding this maximm ss a function of
system inputs: (The nomenclature used in Appendix B is identical to that used
in the Analytical Section, see Nomenclature Section. )

2
We = U2 Ped

& T
2_ (U, P;8)=¥
T
85T 2 f
Note that:
U,
Us ffs =2(l-X)ﬂ% vwhere U (mean) = _g
and
1/2
Uz = U, ( e v/ e f) (momentum considerations)
also Ir 5
D
Xm, = 4 ev Uy
cambining /
Uy Y2 ooy oLy
f o (@u/Ro) ) 35 v

B-1
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X mg 1/2 mg
(ey/ @g)  21-%) 2 = ¥
) £
"ID evgs o D
2
8 "’g (Qv/(?f)l/2 X(1-X) =W, D’
11} ev Ss¢
1/2
Let k = OB (Pv/Pr) (a constant)
TI’2 ev gs 0
Therefore, KX (1 - X) = Wo n3 (B-1)

differentiating:
K(&X -2Xax) =W, 30°aD+D3aw

K (1L-2X) =W, 3D°aD/aX +D3 4 Wp/ax

Setting
e g
ax
dX K(l1-2ZX
—— =W (B-a)
dD 3 D fmax
Also note that
2
Trio QV UVO = mo
Therefore, " 5
8 1 D U.
- Tro— (RulgeM? T2 £ T
TPy &< .
2 2
K = Do3 Do ev o ( ev/ef)l/
2g, 0
3 1/2 Do @ v Uy,
K =D, wvo (0+/Q¢) where W = o (B-3)

2es T

B-2
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recalling that

Wy = ]% (1 -Xx)

We can now define the point of maximm Wf in terms of X and D, therefore,

K (1 -2 KX
axX/dp == (1-X%
/ 3 02 5 (1-%

or
1-2 3 4D (B-4)

X(1-X) D aX

for a constant diameter tube dD/dX = O and X = 1/2. Therefore,

KX (1L - K1l/2
We = 1()3 X) _ Doé (1-1/2) = h—KD_OT—
D3 Wy 1 W
T L4 2. Do osp? )

Generalizing at neutral stability, L, We = 3 (from reference 20) and by
equation (B-2)

AY , N

& X L-2X)=3
o 3¢ 0

Each term (X, D) in equation (B-6) can be expressed in terms of L, thus giving
= function of K.

- 3 /2 _
{% LLISZ?_Q _131(1 W, (0y/0s) (3-7)
N

function of L

/'\
\/

Solve (B-7) for L

Note: For a constant diameter tube use (B-5) to give W, o necessaxry to give an
instability at X = 1/2 or L /L, = 1/2, namely,

12 = on (ev/Qf)l/a

Example : (?f/ev) 1/2 = 30 (water)

W = 360 (minimm for instability)
Vo

B~3
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Under normal conditions, an will occur before the point of meximm We then
use equation (B-1)

KX(1 - X) = W, D3

D3
X (1-X)

3
Do~ Wy, ( (,v/ e f):L/z

We

(B-8)
n

where the right hand term is a function of L.

Let Wg = 3 (again from reference 20) assume D = D

1-X = Ln/Lc

then (B-8) becomes

W.
Yo 1/2

1
3 QR - LA
(ff/ev)l/e =0

(Ln/Lc)2 = (Ln/Lc) +

Wyo
by quadratic formula

Le 41-8 @) (3f) (Re/@)
2

11 1 -bern, ) (0,70

2

Lo/t

Let ( Qf/Qv)l/E‘ = 30 (water) and plot Wvo versus Ln/Lc (Figure B-3).

This shows that for some values of inlet vapor Weber number, no Kelvin-Helmholtz
instability exists.

Turning now to the Schlichting-Tollmien instability:

R ng02= 2 (1 - X) mg
M 2 oM,

Rp =200 (from reference 20)

then
2001le.f 1 -X

= evmmmteeevm—

2m 4 D
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100 T J4, 1-X

- D
T D2

4 P"U"o

or

400 (MelMA) ;1- = -l*;;l (B-9)

D, °

The right hand term (1 - X/D) is a function of L and (B-9) will, therefore, give
L= Ln‘ For a constant diameter tube and X varying linearly with L, we obtain

W00 (/M) 1Ry, =1 X = 1/t
using Mo/ /lv = 50 (water), plot R"o versus L,/L, (Figure B-l4).

Agein, as with the Kelvin-Helmholtz phenomena, the Schlichting-Tollmien insta-
bility may never occur in a condenser.

In sumary, neutral stability is defined by

’V(wfn, Rp ) =0

A sufficient condition for stability is

W, £ 3 (Kelvin-Helmholtz) end
Rp € 200  (Schlichting-Tollmien)

wnich is conservative and the condition assum
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APPENDIX B-2

DETERMINATION OF L¥/Lp

Investigating film growth rate starting with the wave growth equation:

5 = &ci U_2 d © (from reference 21) (B-10)

Wave propagation equation

dL=U2(ER; +1)dae+0e (¥R +1)au, (B-11)
Uo daus
which comes from
L=0(Cg+Uy) =0U, (&R +1) (B-12)
Up

combine (B-10), (B-11) and (B-12) eliminating time, (B-11) and (B-12):

L({acp/avp) + 1) avp
U2[(Cr/Uz2) + 1]

dL=U2(.c_Ri +1) ae
U.
2

and (B-10)
L{(dcp/avus) + 1] dvp
.;.‘;B = x U__2- —— dL - 2
B et § | Gellcrfua) + 1 uo2{(cp/up) + 1]
a8 _ _XKeci U dL - L{(acp/aup) + 1] aup
B Up § L(cr/up)+ 1 (Cr/U2)+ 1 (B-13)

From continuity
m = WDS @ ;v/2

2(1-X)m,
D P,

(B-14)

= 8 U2
From momentum transfer considerations

B-6
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U =1, (ev/ef)l/a (B-15)
combine (B-1k4), (B-15)and (B-13)

8 oC., WD £

] 2 | ucpuspePa-
B 2 (1 - X) m, [(Cgfun)+ 1] [ tviks

L|(dCy/4au. 1
[( Cr/du,) + ) (ev/qf)l/2 av, (B-16)
[(cafup)+ 1]
also, from contimuity
X m,
= (B-17)
P
L ev
and
2
au, = *% d(._X_ - ko Ddx'uxam
Trev D2 Tr?v D
- im (3 ] i 8
au, o, \2 2 X D3) (3-18)

combine (B-18, (B-17) and (B-16)

B &y WD é: (Pv/?f)l/z [“Xmodl
B

2(1 - x) mo[(CR/Uz)* ]J o2 PV ]
L[(dcg/aup)+ 1] b my f &X s x "_’i)
[(cr/u)+ 1] ™ @ ( - 3

“|&

2 0C oy (Pf/Pv)l/2 [ X [(ch/dU2)+ 1}

T (- 3 [(cg/ux)+ 1] p " [(cr/Up)+ 1i
(
|

Cl
B |5
o
>4
Fol*
18
~—
e J
&
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integrating from neutral stability to transition

B* 2 / ™
S e 1l/2
in B, _(GR/U2)+ 1 (ef/?v) f T_Sl
l-X
Ln

[% - lacg/avpl+y (.I.'f‘f-a x

(cg/Uo)+ 1 D dL p2

)] a (p-19)

B8

Assume:
D =D, = constant
1-X=L/,; & = -dL/L,

ac,./au, €< 1

oC = constant {
ey ]

(B-19) becomes:

1n B—*= 2 0C ¢y Ff 1/2 k(l‘L/Lc) - i
Ba g+l Py

Ln
1 L 1
(Cp/Up + 1) Do, <- L, )] x
*
1n .}.3: _ 2 oC oy Ff)l/a ) + 1 aL
Bn o (cp/up)+ 1 (- f L (Cg/U,)+ 1 Do
Ly
For most cases
Cp/Us << 1
then, L*
m B
Bp

= 268, ((’f/ev)l/a f %‘S %L_
Ln

B-8
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2 ™

- [ln g][eocci((f_f_) 1/2-] -1 (B-20)

B-9
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APPENDIX B-3

TWO-PHASE PRESSURE DROP

It is convenient to consider the frictional and momentum effects on the pressure

changes during condensing separately. The following analysis applies to
frictional portion of the pressure drop:

i e
- T
D D2
P P + AP
. - @ $
1

L

The frictional pressure drop is related to the shear stress by a force balance,
namely, ‘

Wrlp = Wr2 (P+aP) + T2 rrdl
dp/dL = - —21.3:

The pressure is assumed not to vary in the radial direction, therefore,

(®far)gp = - 2 B

To

and at the liquid vapor interface,

apfan = - 2% . 2T
r2 rO(l- —%;—)

Note that for a thin liquid film

)

;;—'<<:<. 1
T, -1,

B-10
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Defining a frictional pressure drop assuming only vapor to flow in a tube, we
have

@, -2,

aL r,

Introducing the Lockhart-Martinelli two-phase frictional pressure drop modulus,

(4P/aL)gp -éa T

(ap,/aL) T, -6/
note that
Dp_D-2§ _,_§
D_ D To
therefore, 't' ’f
2 _ Lo 28 o _ L2 p
@v g, O- ST - &, 3 (B-21)

Since 'tv is computeble by means of single phase fluid mechanics, it cen be seen
that the salient problem in two-phase fluid mechanics is the determination of

~ andg .
Y -4

For a thin laminar liquid film with a linear velocity profile, the following hold
true (pressure gradient effects neglected in a thin f£ilm):

Xt -7 - M % | (B-22)
w 2
g, &
and if all of the liquid flow is contained in the film, then
= U mos& (B-23)
b g 5 (o f
eliminating U, from (B-22) and (B-23)
’tz . Meom
& §2 PeTD
§ 2
(__) = 2m Ly (B-2k)
D Tog pemD?
2
1/ (1-22)" = 2m My (B-25)
D

Toe pe WD
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Returning to (B-21) and expressing the shear stress in terms of friction
factors, we have

2
Yx,e & Py

&,

2

T,z 2 Pv %y
8 8,

Therefore, 5

f ‘
To, % ( 5’_2_) (B-26)

'tv fV Uv

Leminer Film - Laminar Vapor Core

For leminar flow of the vapor and assuming a smooth liquid vapor interface:

. [
2 m D
i my/ T Dy My - 2 (8-27)
v 6‘1— D
L mv_/Tr D/‘g
also, fram continuity,
D, mD
7 Pv% " B Pyt
(B-28)
2
R (%)
D
U, 2
cambining (B-26), (B-27) and (B-28)
L
T Dy’ D
—£ - (—2) ( —) (B-29)
‘tv D D2

combining (B-29) with (B-21)
5 _ l 4.0 (B-30)
2. - (35 G)HE)

B-12
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The ratio D/D2 in (B-30) can be computed by means of (B-25) as follows:

2 2
’t“g: fa PVUVQ _ 61’Pvuv (D)h

8 &, " | D
8 | 2 2
(Tl’n,ltv) D, e
2
6l Pv Uy D 15/4
11’2 ~ 8 Rey, g (Dg) (3-31)

where Re,, 1s the superficial vapor Reynolds Number camputed as if vapor alone
were flowing. Substitute (B-31) into (B-25) noting that

g = &

v
Rev

T EEE (Y ey
(2N (e 6 e M
(o) \!75) % 4 Puif pr T D
Substitute:
(L)3(1-D_2_)2 64 me My
" ’ fy %.,%’é U P T D
(3_2)3(1__2_2_)2 - fi6Rev (g) (;‘:) (ﬂ:) (B-32)
() -=(%) -~ % - (&) (2)(4)(6) -

(B-33)
B-13
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A simplified approximate solution for D/D2 can be derived starting with
equation (B-32). For simplicity, let the right hand side, equal to & constant K

3

(&) (+-5) -

assume :

(B)"= o
(8) () (2u) ()]0

Inv?stiggting percent error involved in using (B-34) instead of true solution
of (B-33).

Let (D/D2) = 1.2 (this assumes spproximstely 30% of cross-sectional area is
teken up by liquid). This can well be considered the upper limit for (D/Dp).
Using equation (B-30)

then:

ée - (1.2)* = 2.07 (exact solution)
v

From (B-33)
A v
(%?;) ( %) (E ) (%) :1:1.2)3 -2 (1.2)2 + 1.2

= -01#8
Then fram (B-3k4)

D - 14+ (.048)7 =1.219
2

§2 = (1.219)* = 2.208
v

B-14
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(2.208 - 2.071") 100
2.07h

% error

6.47%
For a more typical value of D/D,, say of 1.05:

% error

4 4
1.‘05132 - (1.
( 1.osu( 2)

006027
1.2155

495%

Based on these findings, the simpler equation (B-34) rather than the solution
of (B-33) can be used with negligible error.

Laminer Film - Turbulent Vapor Core

For turbulent flow of the vapor phase and assuming a smooth liquid vapor
interface,

. =316 1/h ;. /b
f2 _ (4 my/ WDy ALyv)™ - 2)
Ty 316 D

T/
(s m /¥ M) 1/

Also, from continuity,

T 0,2
'—522— PVUVQ =7%]2 PVUV
%o _ (D \°
Uy (Dz)
ombining
¢ ta D, /4 5 4
T :(D_) (5'2') (8-35)

combining (B-35) with (B-21) results in

B-15
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07 BE)TET ew

The ratio D/D2 in (B~36) cen be computed by mesns of (B-25) as follows:

2
v,z 2 PvPe _ .316 Pyt _D_'>h
=78 g - 1/k /4 8 (Da
() (B)
e,
2
316 Pv¥  yp |\
T, - 5 re, It . (Da) (B-37)

vhere Re, is the superficial vapor Reynolds Number computed as if vapor alone
were flowing. Substitute (B-37) into (B-25) noting that

_ .316
fV— Rev l/h
Do \ 2 2me M
i/ 1-22 = £ /Tf
/ ( D ) £ u, (D |/ T »3
v /ovv (_) &g ff
8 &g D2
15/4 D, \2 ”
D2 D fv fv Uvz(af 71'D3
Substitute:
N
put - 13
mD
p | 15/ (1_1’2)2 - 64 mp Mg
vagre W PP

()02 - (B (R e
(%5) 1.875 _(%;) 875 -[(fvlgev ( : Mz (é_i ~o (B-39)

B-16
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Again, a simplified solution for 1)/1)2 can be derived from (B-38)

then:

b fo [ (05 6] e

Agein, investigating meximm error with (D/Da) = 1.2 using (B-36),

2 .
é - 12)" P 2237

v

from (B-39)
. 875 .875
_L5__) )] = (1. 2) - (1.2) £
fv Rev
= 1.408 - 1.173
= ,235
Using equation (B-40)
= 5+ (254 .235)"”
2
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@a2)*?® . gamh?
(1.2)‘“75

% error =

= .835%

Again, the simpler equation (B-4O), rather than the solution for D/D2 from
equation (B-39) can be used.

Fog or Homogeneous Flow

For fog or homogenous flow (also see reference 24 for detailed analysis) start
with (B-21) as follows:

&2 _ D ,t2=D (£2/8) Pm Un® _ D

i R W CSQY PR

v

2
2 e ()

Note: Subseript m denotes mixture.
From reference 24

1/4
Im . |02 Xg turbulent flow
D

fy
P . o 1f the volume of the liguid phase is small
P v XE contrasted to the vapor phase.
From continuity 2
D_
Um = Uy D2

we now obtain L. T5
1 D 1

1/4 I
¥ % (=) & (B)() T

For the limiting case when no liquid appears on the wall (Xz = X and D/Dp = 1),
we obtain a simple equation for fog flow, namely,
2

@ (fog £low) = 1/x3/ (B-b1)

v
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Experimental corroboration of equatiog (B=41) is shown in Figure B-5 (from
reference 29). In this curve, the / L term approaches 1.0 as the Weber
number, D P Uy2/2 g o , increases. This high Weber number indicates a
negligible effect of wall-bound film (or drops) and the two-phase frictional
effect is produced by the entrained liquid, only. Although this data was
obtained with mercury in 1l-g, the correlation was followed when artificial
wetting (or film condensation) was induced. Furthermore s references 30 and

31 show experimentel agreement with the correlation for tapered tubes and zero g.

B-19
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APPENDIX B-4

SINGLE TUBE INSTABILITY

In examining single tube instability, the first step is to analyze the conditions
at the incipient runback point to differentiate between negligible and pre-
dominant factors. Reference 33 gives the following film velocity profiles for
conditions of a steble film, incipient runback, and runback.

7 A
Runback

Tube Wall

Incipient Runback

Stable Film

X -

At the incipient runback point it can be seen that the velocity gradient at
the wall is zero and the wall shear stress is therefore zero. It will also be
assumed that there is no velocity in the X-direction and that the change in
velocity in the Y-direction is negligible.

This latter assumption is pessimistic since it neglects the effect of the liquid
momentum gain due to the effect of decreasing liquid velocity as the incipient
runback point is reached. The last assumption is that the (va.por) pressure
gradient is negligible which is also pessimistic since the pressure gradient
would tend to support the f£ilm. Consider an incremental area within the liquid
film:

* That point at which the film velocity becomes zero and its thickness will
grow until the tube 1is bridged.
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Vapor Film Tube
] 4 Well
oo = /
1 /
dyx%;! dx+'t)1 iy l Yo [
Y/
i y
PEY ,
/
Balancing the forces ylelds:
(ﬂg—dx+t)d,y=ne‘gcdydx+tdy (B-42)
dx
but
_ 4au.
T-M, T
and 2
a _ 4 au.
ax _/“'Z :i;é-l

vwhich on substitution into equation (B-i2) yields:

duy | upe

ax2 /(JC
integrating

iUy . nfLeex .

but since the limit for stability is dqy/ d&x=0at x=0 and Cl = 0,

Therefore,

2
. bx &c
U, = p£ +C,

2
but /42

Cop=0atx=0,Uy=0
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and finally,
v, - s
Y 2}(1
and at
X=5, Uy = Uy (B-43)
2
n g
{;ﬁ = 52 =U; where & = film thickness

since the velocity profile is parabolic the average velocity is 1/3 of the
interfacial veloeity (Uj) and from continuity:

% fﬁ STI'D=ml (B—M)

Substituting equation (B-43) into equation (B-44) yields:
n Pg® e 831D

=m
6 A, £
but
" ti =n seﬁ
and finally, 1/3
., - n( %LM) (B-b5)
D g,

vhich gives the expression for the interfacial shear at the runback point.
However, the net interfacial shear is made up of two components; the frictional
shear, ¥, and the momentum shear, 7 my, Where:

ti'—'tf"'tmom
2
.- % al (B-b6
4 4 Pv 2 & )
v - Anu
s TTDAL:;c (B-47)

where Amv = vapor condensed.
Equating (B-45), (B-46) and (B-47) yields:
n (6/‘&’".? /’4.)1/3= £ p U® L A myly
D g yfY 2 8o T D4 Le

B-22
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APPENDIX B-5

MULTIPLE TUBE INSTABILITY

The following is a discussion of the multiple tube mode of instsbility.

As an example, assume the following condenser:
' Condensate

» I
Gravitational Force % .
Direction A
¢ L
L,
i le— D J
xr } A y
"vo i \ ~ ) 1 i
i Vanor
2 ' . 2 P 2
Iy Pv Uy Uy
= Pip — - v L
Ar, ? int > ___2_Ec_o - *+ Ly P , B
Voint

also:
(B
QL, =m, hey = TF— G heg

vhere q = heat rejection per unit length and time.

Combining equations results in:

2 3 2
Ap, = WDG heg . % +

£
Vint ~ int Bag, P, Qv &

(1z- 5= 7% ) gy
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differentiating:
2 2 2
adpg =§ TWDheg 3G _ G
b ig
d Gy Vint 1ot 8ae pv P vee
2
kq
substituting:
2
T neg Ly (B-22)
L q Go
d (Arg) =(§intfint%_&_2%P23&Pv) 3 Go
1 G, D 3 3 G2 26 Py

From reference 32, a necessary and sufficient condition for stability is that
d ( b Pg)/aG, is positive. This requires that:

2
Bee>2 o v Fp m
3

Vgc

B-24
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APPENDIX B-6

PRIMARY/SECONDARY DESIGN ANALYSIS

Consider the two-tube condenser below operating in zero or micro-gravity.

r? - ) -
Vapor

VR

Condensate
Q4 L) ——

PSRN ¢

\/ NN Y YYE

If now, an unbalance is imposed on the system, say, the heat rejection
capebility per unit length of tube No. 1 becomes greater than tube No. 2,

W > %
Dy, > Dy (vepor mass flow rates)

This means that the pressure drops are unequal.

Ar, >A4p,
However, since the tube inlet pressures are equal (assuming negligible header
pressure drop), the interface pressures are unequal, which is not a stable

condition. Therefore, the unbalance is compensated for by adjustment of the
interface location until

APa=AP~b at which lca> lcb andx%a> Dvy,

where lc are the respective condensing lengths.

However, for a condenser designed for operation against a substantial "g" field,
this read justment of liquid legs may produce a catastrophic unbalance as a result

B-25
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of the static pressure effects of the varying liquid leg lengths. An alternative
would be to remove the interface fram the parallel tube erray to a point down-
stream in a single tube. With this arrangement shown in the sketch below, the
unbalances which were compensated for with shifting liquid legs in a multiple
interface condenser are, in this case, compensated for by a variation in the
outlet quality from each tube. f

Condensate
7
A
Single Tube
Condenser
Gravitational y _
Force Direction
finite quality at Multiple Tube
these points Condenser
q q
n” G
J. .
‘ Vapor

Obviously, the design exit quality of the parallel tubes must be sufficiently
large to compensate for the unbalances without allowing the vapor velocity to
drop below that value required for film transport. Nor does one want to have
too high an outlet quality because of the weight penalty involved. The minirum
exit quality to meet the above requirements can be approximated assuming
reasonable geometric and thermal unbalances.

Assuming a tapered condenser tube with a constant vapor velocity and neglecting
the small momentum recovery which results, the following analysis investigates
the necessary outlet quality (based on 100% inlet quality) for stebility in the
parallel tube portion of the condenser.

Friction: 2 2
@y =@ g, &L o4 (B-148)
v (p v D
Thermal balance: ®
2
a = - g Tth ax (B-49)
q
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Combining equations (B-48) and (B-49) gives

2
2 (ax _ Gngg W D2
dP=(§va vagc) L Dgq &

G X% D
dP = ¢} e (B-50)
vhere é 5
C = v Iy w hfg (assumed constant)
8 P v 8
vhere q = heat rejection per unit length.
2
The assumption that é and £, are constant will not affect the result greatly
since, in the V  following analysis, two condensing tubes will be

coampared and these values will change very little from tube to tube over the
quality ranges to be examined. The use of an average D rather than an integrated
one should also have little effect since the pressure drop of one tube is to be
compared to another rather than the absolute value obtained.

Integrating equation (B-50):

[Fee(@) [* 2a

P, X5=1

S\ [x3 1
e-r-e (T) [ 5 -3

(@) 1- xe3 (8-51)
fomFeT Ly &—'3‘— :
where

Po = inlet pressure
Pe = exit pressure

Integrating and solving for G:

L 2
f w- . PO f"e x
o} ta Xo=
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2
L= - ZMg 77 :rD (X, - 1)
c- k2 (B-52)

wnahfg (1 - %)

Combining equations (B-51) and (B-52)

2 3
) @-X) -
DS) ————(l - Xe)3 (B-53)

c2=cl(%)( T:h:g )

Equation (B-53) provides an expression for tube exit quality as a function of
tube geometric and thermal characteristics. This can now be applied to two
parallel operating tubes as shown in the following sketch.

Pl"’Pe'—’cz (

Pe

AP,

It can be seen that
AP + APy = AP,
where

APH = the header friction loss.
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Assume, for discussion purposes,

Apy = .02 psi

APD = 0.5 psi
which means:

Apb = 00’4’8 pSi

Allow tube D to operate at design conditions and tube b to deviate from design
to the extent that

H» ZE€E, D
(B-5k)

where

subscript D
subscript b

design conditions
actual conditions in the "worst" tube

Then, using equations (B-53) and (B-54) end cencelling
am-arg o8 [1- X)) [1-Xpl®

Pp o050~ [1- @®kxep)]3[1 - xe)’] =

Equation (B~55) then expresses the effect of thermal, geametric, and fluid
dynamic unbalances between tubes on the design outlet quality necessary to
maintain the vapor velocity greater or equal to K times the design exit vapor
velocity. Equation (B-52), however, still has two unknowns, o€ and Xep Or design
outlet quality, even after €D and € are determined. However, these two
numbers are related since q

L€ (B-55)

¥b Vb L oc
Xep Vep

Figure B-6 then expresses equation (B-54) for a thermal unbalence of 5% and a
diemetral unbalance of 1%. For instance, with an outlet quality from the parallel
tubes of 15% and a film transport requirement of 40 ft/sec, the condenser would
have to be designed with a vapor velocity of 65 rt/ sec to insure that the minimm
vapor velocity of 4O ft/sec would not be violated in an unbalanced tube.

In this design spproach, obviously, the single tube condenser would have to reject

the remaining latent heat from the vapor. This concept combines the lightness of
& parallel tube condenser-radiator with the stability of a single tube radiator.

B-29



TRW e£QuIPMENT LABORATORIES

PICTORTAL REPRESENTATION OF FILM INSTABILITY

- s .‘..o:... '.‘ P - O

:::.;: By (FOG FLOW) R :_I

A oo.‘.ﬂo o.‘\,.,.....%

L*
LC
AMPLIFIED
DISTURBANCES
UNAMPLIFIED NEUTRAL °
DISTURBANCES 00Q 0 S,° o,, ® 6%,

TRANSITION

L*

Figure B-1
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VARIATION XN Ry AND We IN A CONDENSER TUBE

X
Wi
0 L/ L, L
1 X 0
Figure B-2

KELVIN-HELMHOLTZ NEUTRAL S'I‘ABII..ITY LOCATION AS A FUNCTION OF
INLET VAPOR WEBER NUMBER (WATER IN A CONSTANT DIAMETER TUEE)
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Figure B-3
SCHLICHTING-TOLLMIEN NEUTRAL STABILITY LOCATION AS A FUNCTION OF
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PARALLEL TUBE OUTLET QUALITY

PARALLEL TUEE STABILITY REQUIREMENTS

MINIMUM VAPOR VELOCITY (FT/3EC)

Figure B-6
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APPENDIX C

SAMPLE CASES

C-1.0 Design Program, Hy-HpO Fuel Cell Direct Radiator-Condenser.
C-1.1 Problem Definition

Explore all possible designs for a fuel cell direct radiator-condenser satisfying
the following conditions:

System Inputs

hydrogen flow rate
water vapor flow rate
total pressure

inlet tempersture
outlet temperature
pressure drop

sink temperatures

Designer's Inputs
tube, header, fin material

geometry

tube inside diameter range

tube count range
cone diameter at inlet

.0562 1b/min
.0738 1b/min
60 psia
800°R

625°R

.048 psia
535°R, 500°R

aluminum

cone; central fin

.20 in. to .22 in. (.01l in.
increments)

10 to 12 tubes (1 tube increments)

3.0 £t

cone diasmeter at outlet 3.4 £t
tube wall thickness .10 in.
header wall thickness .03 in.
maximm fin thickness «20 in.
minimum fin thickness 0 in.
maximm allowable Mach number T

Material Properties (at 630°R)

tube, header, f£in conductivity 80 BTU/hr-£t-°F
tube, header, fin density 174 1b/£63

C-1.2 Input Data Sheet for Fuel Cell Design Sample Case
Figure C-1 shows the input data sheet prepared for the sample case defined in

Section C-1.1 (See Section 6.5.1 for detailed instructions for preparing the
input cards.)

Each card on the data sheet has been given a sequence number in the left margin
to aid the card by card description that follows.

Cc-1
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Card 1. Genersl comment card.

Card 2. The 2 in column 2 indicates that two separate thermal environments
are to be considered without program restart.

Card 3. Columng 1-10, first sink temperature to be considered is 535°R.

Card 4. Columns 1-10, second sink temperature to be considered is 500CR.
Card 5. Eight ten-digit fields of given inmput.

Card 6. Eight ten-digit fields of given input.

Card 7. Columns 1-10 and T1-80 show given values for DCMAJ and TFMIN,
respectively. Columns 11-20 (LCMIN) and 21-30 (LCMAX) have no values since no
length limitation was specified. Columns 31-40 (TIF) and 41-50 (RHOIF) have no
values since the cone has a central fin construction and, therefore, inner fin
thickness and density are not spplicable. Columns 51-60 (WMIN) and 61-70 (WMAX)
have no values since no overall width limitation was specified.

Card 8. Columns 1-TO show seven ten-digit fields of given input. Columns 71-80
show no value for WINA O since WINA O is not used in a conical radistor design.

Card 9. Columns 1-10 and 11-20 show no values for WINA F and WINA D, respectively,
since these variables are not used in a conical radiator design. Columns 21-30
(TTG) show the given input for tube wall thickness. Columns 31-70 show no values
for meteoroid protection data (TAU, -LNPO, MEF, METH) since a given value for

tube wall thickness bypasses meteoroid protection. Columns 71-80, value for

ALPHS not needed since thermal environment is specified as sink temperatures.

Card 10. Columns 1-10, value for ALPHT not needed since thermal enviromment is
specified as sink temperatures.

Card 11. Columns l-4 show value for PUNT.
C-1.3 Fuel Cell Design Sample Case Outputs

The outputs for the sample case defined in Section C-1.1 are shown in Figure C-2.
The first block in the output is the printout of the fixed input data.

Based on the number of independent varisbles to be considered, eighteen radiator
designs were possible. Each of the two specified sink temperatures heads its
group of designs.

Only one of the elghteen possible designs was rejected. When DIIN = .20 in.,

N =10 and TS = 5359R, the fin thickness was out of range. The lightest designs
occurred at DIIN = .21, N = 12 and DIIN = .20, N = 12 for sink temperatures of

535 and 500°R, respectively. The smallest total area for TS = 535CR and for

TS = 500°R occurred at DIIN = .20, N = 11, and at DIIN = .20, N = 10, respectively.

c-2
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Total running time for the above sample case was 104 seconds on a UNIVAC 1107.
C-2.0 Design Program, Isothermal Direct Rediator-Condenser with Subcooler

C-2.1 Problem Definition

Explore all possible designs for a direct radiator-condenser satisfying the
following conditions:

System Imputs

working fluid

flow rate

condenser temperature

condenser pressure

inlet quality

inlet temperature

outlet temperature

pressure drop

thermal environment
incident solar
incident thermal

Designer's Inputs

geometry

tube, header material

fin material

tube inside dismeter range

tube count range
fin half-width range

header wall thickness
maximm allowable Mach number
meteoroid protection

maximum allowasble fin thickness
minimum allowable fin thickness

Fluid Properties (at 768°R)

gas constant

specific heat ratio
vapor viscosity

liquid viscosity

latent heat

specific heat of liquid
liquid density

water

2.34 1b/min
T68°R

76 psia

«H

T68°R
T35°R

2.0 psi

200 BTU/hr-£t°
20 BTU/hr-£t2

triform, closed sandwich

347 88
aluminum

.10 in. to .12 in. {.02 in.
increments)
50 to 80 tubes (10 tube increments)

1.0 in. to 4.0 in. (1.0 in.

increments)
.03 in.
.&
95% chance of no puncture in
500 days
.10 1in.
0 in.

86 £t-1bf/1bm R
1.31

.000011 1b/ft-sec
.00012 1b/ft-sec
910 BTU/1b

1.03 BTU/1b-°F
57.0 1b/£t3
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surface tension .0035 lb/ft
conductivity of liquid .395 BTU/hr-£t-°F
specific heat of vapor .56 BTU/1b-OF

Material Properties (at 768°R)

tube and header density 500 lb/ft3

£in density 166 1b/st3

tube conductivity 10.7 BTU/hr-ft-°F
fin conductivity 125 BTU/hr-£t-°F
fin and tube emittance .85 6

fin modulus of elasticity 10 x 10~ psi

tube modulus of elasticity 3 x 107 psi

tube and fin solar absorptivity o2

tube and fin thermal absorptivity .85

C-2.2 Input Data Sheet for Isothermal Design Sample Case

Figure C-3 shows the input data sheet prepared for the sample case defined

in Section C-2.1. (See Section 6.6.1 for detailed instruction for preparing the
input cards.)

Each card on the data sheet has been given a sequence number in the left margin
to ald the card by card description that follows.

Card 1. General comment card.

Card 2. The 1 in column 2 indicates that one thermal enviromment is to be
considered without program restart.

Card 3. Columns 1-10, negative number shows that incident fluxes are to be
considered. Columns 11-20 show value for the incident solar flux. Columns
21-30 show value for the incident thermal flux.
Card 4. Eight ten-digit fields of given inputs.

Card 5. FEight ten-digit fields of given inputs.

Card 6. Eight ten-digit fields of given inputs.

Card 7. Columns 61-70 (TTG) show no value since tube wall thickness is to be
calculated from meteoroid protection data (specified in Column 21-60). Columns
T1-80 show value for ALPHS (necessary since heat fluxes are given).

Card 8. Colums 1-10 show value for ALPHT (necessary since heat fluxes are
given). Columns 11-20, (DCMIN) and Columns 21-30 (DCMAJ) have no values since
this radiator is not a cone. Columns 31-40, (LTMIN) and Columns 41-50 (LTMAX)
show no values since no length limitation was imposed. Columns 51-60 (TIF)
and 61-70 (RHOIF) show no values since they are applicable to only a cone
cylinder configuration. Columns T1-80, (WMIN) has no value since no width
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limitation was imposed.

Card 9. Columns 1-10, (WMAX) has no value since no width limitation was imposed.
Columns 11-80 show seven ten-digit fields of given inputs.

Card 10. Four ten-digit fields of given input.

Card 11l. Columns 1-4 show value for PUNT.

C-2.3 Isothermal Design Sample Case Outputs

The outputs for the sample case defined in Section C-2.1 are shown in Figure C-k4.

Three of the thirty-two possible radiator designs were rejected. Combinations

DIIN = .10 in., N = 50, WINA = 1.0 in.
DIIN = .10 in., N = 50, WINA = 2.0 in.
DIIN = .10 in., N = 60, WINA = 1.0 in.

were rejected by the approximate fin efficiency test (higher than 100% efficient
fins required).

The lightest design (158.87 1b) occurred for DIIN = .10 in., N = 60 and WINA =
4.0 in. The smallest area (199.5 £t2) occurred for DIIN = .10 in., N = 50,
WINA = 3.0 in.

Total running time for the above sample case was 59 seconds on a UNIVAC 1107.

C-3.0 Design Progrsm, Isothermal Primary/Secondary Direct Radiator-Condensger
with Subcooler

C-3.1 Problem Definition

Explore all possible designs for a direct radiator-condenser satisfying the
following conditions:

System Inputs

working fluid mercury
flow rate l3.7olb/min
condenser temperature 1060°R
condenser pressure 6.6 psia
inlet quality 1.0

inlet temperature 1070°R
outlet temperature 860°R
pressure drop 3.0 psi o
sink temperatures 0°R, 4OO R
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Designer's Inputs

geometry flat plate, open sandwich

tube, header material 347 S8

fin material aluminum

tube inside diameter range .50 in. to .52 in. (.02 in.

(at inlet of primary) increments)

tube count range 10 to 14 tubes (in 2 tube
increments)

fin half-width range 5.0 in. to 6.0 in. (1.0 in.
increments)

header wall thickness .05 in.

maximum allowable Mach number .8

meteoroid protection 95% chance of no puncture in
LOO days

Fluid Properties (at 1060°R)

gas constant T.74 £t 1bf/1bm°R
specific heat ratio 1.656

vapor viscosity .0000356 1b/ft-sec
liquid viscosity .00059 1b/ft-sec
latent heat 127 BTU/1b
specific heat of liquid .0326 BTU/1b-COF
liquid density 820 1b/ft

surface tension .0326 1b/ft
conductivity of liquid 8.0 BTU/hr-ft-°F
specific heat of vapor .0249 BTU/1b-°F

Material Properties (at 10600R)

tube and header density 500.0 1b/ft3

fin density 166.0 1b/ft3

tube conductivity 10.7 BTU/hr-£t-°F
fin conductivity 125.0 BTU/hr-ft-°F
fin and tube emittance .85

fin modulus of elasticity 10 x 106 psi

tube modulus of elasticity 3 x 107 pei

C-3.2 Input Data Sheet for Primary/Secondary Design Sample Case

Flgure C-5 shows the input data sheet prepared for the sample case defined in
Section C-3.1. (See Section 6.7.1 for detailed instructions for preparing the
input cards.)

Each card on the data sheet has been given a sequence number in the left margin
to aid the card by card description that follows.
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Card 1. Genersl comment card.

Card 2. The 2 in column 2 indicates that two separate thermal environments
are to be considered without program restart.

o
Card 3. Columns 1-10, the first sink temperature to be considered is O R.

Card k. Columns 1-10, the second sink temperature to be considered is 400°R.

Card 5. Eight ten-digit fields of given input.

Card 6. Eight ten-digit fields of given input.

Card 7. Eight ten-digit fields of glven input.

Card 8. Columns 61-70 (TTG) show no value since the tube wall thickness is to
be calculated from meteoroid protection data (specified in columns 21-60).
Columns 71-80 (NUEG) show no value since no minimum gravitational capability
was specified.

Card 9. Columns 1-60 (TFMIN, TFMAX, LPMIN, LPMAX, WMIN, WMAX) show no values
since no fin thickness, primary condenser length or overall width limitations
are specified. Columns 61-80 (TIF, RHIF) show no values since they are not
applicable to non-cylinder.

Cerd 10. Columns 1~-10 (LTMAX) show no value since no overall total length
limitation is specified. Columns 11-30 (ALPHS, ALPHT) show no values since
sink temperatures and not heat fluxes are given. Columns 31-80, five ten-digit
flelds of given input.

Card 11. Four ten-digit fields of given input.

Card 12. Columns 1-4 show value for PUNT.

C-3.3 Primary/Secondary Design Sample Case Outputs

The outputs for the sample case defined in Section C-3.1 are shown in Figure C-6.
In the output the first block of printout shows the fixed input data. Two
groups of output follow separated by applicable sink temperatures.

Out of the twenty-four possible designs, eight were rejected.

The following combinations were re jected by the approximate fin efficiency test
(fin efficiency greater than 1.0):

TS DIINP N WINA FEFF

ogn .5 in. 10 5.0 in. 1.09
400™R .5 in. 10 5.0 in. 1.11
400°R .5 in. 10 6.0 in. 1.01

c-7
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The following combinations were rejected by the fin thickness (primary)
limitation check:

TS DIINP N WINA TFP
o°R .50 10 6.0 in. - 486 in.*
0°R .52 10 6.0 in. .815 ing
uOOOR .52 lo 5-0 ino "3.18 ino
LOOCR .52 10 6.0 in. 1.128 in.

* Negative due to required fin efficiency slightly higher than 100%.

The combination of TS = O°R, DIINP = .52 in., N = 10, WINA = 5.0 in. caused
the matrix of the primary condenser to be nonconvergent. This may occur when
a negative fin thickness is necessary to satisfy the equation (fin efficiency
above 100%).

For both sinks the lightest radiators occurred at DIINP = .52 in., N = 14 and
WINA = 5.0.
The smallest radiator area occurred at DIINP = .50 in., N = 12, WINA = 5.0 in.

for each sink temperature.

Total running time for the above sample case was 61 seconds on a UNIVAC 1107.
C-4.0 Performance Analysis Program, Hp-HpO Fuel Cell Direct Radiator-Condenser
C-4.1 Problem Definition

Analyze the performance of a multi-segment fuel cell direct radiator-condenser
exposed to two separate sets of different simultaneous sink temperatures, while
attempting to attain a specified outlet mixture temperature.

System Inputs

hydrogen flow rate .0562 1b/min
water vapor flow rate .0738 1b/min
total pressure 60 psia
inlet temperature 800°R
desired outlet mixture temperature 625°R
first set of simultaneous sink 1) 575°R
temperatures 2) 530°R
3) 500°R
second set of simultaneous sink 1) 500°R
temperatures 2) Loo°R
3) 300°R
maximum allowable Mach number o7
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Radiator Geometry

configuration flat plate, closed sandwich
tube count 15
number of segments 3

tube inside dismeter .21 in.
tube. outside dismeter .40 in.
overall width (at inlet) 7.5 £t
overall width (at outlet) 7.5 £t
fin thickness (at inlet) .005 in.
fin thickness (at outlet) .005 in.
total length 7.0 £t
material (fins, tubes, heeders) aluminum

Material Properties (near 630°R)

fin and tube conductivity 80 BTU/hr-£t-°F
fin and tube emittance .92

C-4.2 Input Data Sheet for Fuel Cell Performance Sample Case

Figure C~T7 shows the input data sheet prepared for the sample case defined in
Section C-L.1l. (See Section 6.8.1 for detailed instructions for preparing the
input cards.)

Each caerd on the data sheet has been given a sequence number in the left margin
T

e
to aid the card by card description that follows.

Card 1. General comment card.

Card 2. The 2 in column 2 indicates that two separate sets of thermal environ-
ments are to be considered.

Card 3. The 3 in column 2 indicates that the first thermal environment has
three simultaneous sink temperatures or pairs of heat fluxes.

Card 4. Columns 1-10, first sink temperature in first thermal environment is
Card 5. Columns 1-10, second sink temperature in first thermal environment is
Card 6. Columns 1-10, third sink temperature in first thermal environment is

Card 7. The 3 in column 2 indicates that the second thermsl environment has
three simultaneous sink temperatures or pairs of fluxes.

Card 8. Columns 1-10, first sink temperature in second thermal environment is
500CR.

C-9
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Card 9. Columns 1-10, second sink temperature in second thermal environment
is LOOCR.

Card 10. Columns 1-10, third sink temperature in second thermal environment is
300°R.

Card 11. Eight ten-digit fields of given inputs.

Card 12. Columns 1-20 and 41-80 have six ten-digit fields of given inputs.
Columns 21-40 (ALPHS and ALPHT) show no values since thermal environments are
specified as sink temperatures. Note: Since a non-zero value is given to TOUTM
(columns 1-10), segmentation to control mixed outlet temperature is requested.

Card 13. Columns 1-20 and 31-60 have five ten-digit fields of given input.
Columns 21-30 (MDTG) and 61-70 (SHIN) show no values since inlet flow conditions
are specified by MDG (columns 31-40) and MDVIN (columns 41-50).

Card 14. Columns 1-4 show value for PUNT.
C-4.3 Fuel Cell Performance Sample Case Outputs
The outputs for the sample case defined in Section C-4.l are shown in Figure C-8.

The first block of outputs following the fixed input block shows the performence
of the radistor with all of its three segments in operation. The radiator is
exposed to the first set of three sink temperatures (575, 530 and 500°R). The
mixed outlet temperature shown (TOMIX) is 613.42°R which is less than the speci-
fied target temperature (TOUIM) of 625°R. Removal of segment three is, therefore,
demanded.

The second block shows the performance of the radiator with the first two

segments operating. Its mixed outlet temperature (TOMIX) is 630.72°R which is
higher than the specified target temperature and the run is, therefore, terminated.
Operating with all three segments and with segments 1 and 2 brackets the specified
outlet mixture temperature of 625°R.

For the second set of three sink temperatures (500, 40O, 300°R) three blocks of
outputs are shown; the first depicting performance with all three segments
operating, the second with the first two segments operating, and the third with
only the first segment operating. This resulted in mixed outlet temperatures
of 572.86CR, 609.31°R and 636.89°R, respectively. The specified outlet mixture
temperature (TOUIM = 625°R) is, therefore, bracketed when operating with the
latter two configurations (two segments and one segment).

Total running time for the above sample case was 127 seconds on a UNIVAC 1107.

C-5.0 Performance Analysis Progrem, Isothermal Direct Radiator-Condenser with
Subcooler

C-5.1 First Problem Definition

Cc-10
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Anslyze the performance of a multi-segment constant inventory isothermal direct
radiator-condenser (with subcooler) exposed to different simmltaneous heat
fluxes, while controlling the outlet mixture temperature by removal of segments.

System Inmputs

working fluid
flow rate
inlet quality
degrees superheat
type of condenser
desired outlet mixture temperature
type of outlet mixture temperature
control
thermal environment
1) solar incident fluxee (segments
1 through 6, respectively)
2) thermal incident fluxes (segments
1 through 6, respectively)
maximum allowable Mach number
approximate final condenser
temperature guess

Radistor Geometry

confignration

tube count

number of segments

tube inside diameter

tube outside diameter

penel circumference (at inlet)
panel circumference (at outlet)
fin thickness (at inlet)

fin thickness (at outlet)
total length

average condensing length
tube material

fin material

Fluid Properties (at 1000°R)

latent heat

molecular weight

gas constant

reference saturated pressure
reference saturaged temperature
liquid conductivity

liquid density

liquid viscosity

C-11
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rcury
.5 1b/min
0

= O\

0 R®
constant inventory
800

segmentation

430, 200, 70, 150, 70,
200 BTU/hr-ft2
0, 0, 30, 60, 30, O BTU/hr-ft2

0.8
1000°R

cylinder, central fin
24

6

026 in.
.50 in.
16.0 ft
16.0 ft
.01 in.
.01 in.
8.5 £t
775 £t
347 ss
aluminum

127 BTU/1b

200 o

7.74 £t 1bf/1bm R

5.3 psia

éOthR y o
.0 BTU/hp-ft-

820 lb/f2§

.00059 1b/ft-sec
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liquid specific heat .0326 BTU/1b-CF
surface tension .0326 1b/ft

vapor specific heat .0249 BTU/1b-°F
vapor viscosity .0000356 1b/ft-sec
specific heat ratio 1.656

Material Properties (at 1000°R)

solar absorptivity (tube, fin) .2

thermal absorptivity (tube, fin) .85 o
tube thermal conductivity 10.7 BTU/hr-ft- F
fin thermal conductivity 125 BTU/hr-ft-°F
tube and fin thermal emittance .85

C-5.2 Second Problem Definition

Analyze the performance of & constant pressure, isothermal, direct radiator
condenser (with subcooler) exposed to different simultaneous heat fluxes while
controlling the outlet mixture temperature by bypassing and mixing working fluid
vapor at inlet conditions with mixed 1liquid condensate.

System Inputs

working fluid mercury

flow rate 13.1 lb/min

type of condenser constant pressure

average condensing temperature 1060°R

inlet quality 1.0

degrees superheat 0 R°

desired outlet mixture temperature 850°R

type outlet mixture temperature proportional bypass
control

thermal environment
1) solar incident fluxes (segments 430, 200, 70, 150, TO,
1 through 6, respectively) 200 BTU/1b-ft-CF °
2) thermal incident fluxes (segments O, 0, 30, 60, 30, O BIU/hr-ft- F
1 through 6, respectively)
maximum allowsble Mach number 0.8

Radiator Geometry

configuration cylinder, central fin
tube count 2k

number of segments 6

tube inside diameter .26 in.

tube outside diameter «50 in.

circumference (at inlet) 16.0 ft

circumference (at outlet) 16.0 ft

fin thickness (at inlet) .0l in.

fin thickness (at outlet) .0l in.

Cc-12
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total length
tube material
fin material

Fluid Properties (at 1060°R)

latent heat

molecular weight

gas constant

reference saturated pressure
reference saturated temperature
liquid conductivity

liquid density

liquid viscosity

liquid specific heat
surface tension

vapor specific heat

vapor viscosity

specific heat ratio

Material Properties (at 1060°R)

solar absorptivity (tube, fin)
thermal absorptivity (tube, fin)
tube conductivity

fin conductivity

tube and fin emittance

C-5.3 Isothermal Performance Input Data S

9.0 £t

347 8s
aluminum

127 BTU/hr
200

7.74 £t 1bf/1tm °R
5.3 peia

1041°R

8.0 BIU/hr-rt-°F
820 1b/frt3

.00059 1b/ft-sec
.0326 BTU/1b OF
.0326 1b/ft

.0249 BTU/1b °F
.0000356 1b/ft-sec
1.656

.20
.85 o
10.7 BTU/hr-ft- F
125.0 BIU/hr-ft-°F
.85

t for Semple Cases

" (=21

Figure C-9 shows the input data sheet prepared for both sample cases defined in
Section C-5.1 and C-5.2. The two sets of inputs can be run without program
restart since both use the same program. (See Section 6.9.1 for detailed
instructions for preparing the imput cards.)

Each card on the data sheet has been given a sequence number in the left margin
to aid the card by card description that follows.

Card 1. General comment card for first set of inputs.

Card 2. The 1 in column 2 indicates that only one set of simultaneous thermsl
environments is to be considered.

Card 3. The 6 in column 2 indicates that these are six similtaneous sink
temperatures or heat fluxes.

Card 4 through Card 9. The negative numbers in columns 1-10 show that incident

solar and thermal heat fluxes are to be considered. Columns 11-20 show incident
solar flux values; columns 21-30 show incident thermal flux values.

C-13
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Card 10. Eight ten-digit fields of given inputs.
Card 11l. Eight ten-digit fields of given inputs.
Card 12. Eight ten-digit fields of given inputs.

Card 13. Columns 1-60, six ten-digit fields of given inputs; columns 61-70,
the value for NOS shows that four different heat flux combinations were used.
Columns T1-80, the zero value for PBP shows that mixed outlet temperature
control is achieved by segment action.

Card 14. Columns 1-20 and 31-60, five ten-digit fields of inputs; columns 21-30,
the zero value for TCG shows that a constant inventory system is analyzed.

Card 15. Columns l-4, value for PUNT.
Card 16. General comment card for second set of inputs.

Card 17. The 1 in column 2 indicates that one set of simultaneous thermal
environments is to be considered.

Card 18. The 6 in column 2 indicates that there are six simultaneous sink
temperatures or heat fluxes.

Card 19 through Card 24. The negative numbers in columns 1-10 show that incident
soler and thermal heat fluxes are to be considered. Columns 11-20 show incident
solar flux values; columns 21-30 show incident thermel flux values.

Card 25. Eight ten-digit fields of given inputs.

Card 26. Columns 1-10 and 21-80, seven ten-digitel fields of given inputs;
columns 11-20, the zero value for LCG indicates that the system is of the
constant pressure type.

Card 27. Eight ten-digit fields of given inputs.

Card 28. Columns 1-60, six ten-digit fields of given inputs; columns 61-70,
the vaelue for NOS shows that four different heat flux combinations were used.
Columns T71-80, the 1.0 for PBP shows that the outlet mixture temperature is to
be controlled by proportionally bypassing and mixing of vapor with the outlet
condensate.

Card 29. Columns 1-30 and 41-60, five ten-digit fields of given inputs.

Columns 31-40, since the average condensing temperature (TCG) is given in a
constant pressure system, no approximate average condensing temperature 1s needed
and the value of zero must be assigned to TCAPG.

Card 30. Columns l-4, value for PUNT.
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C-5.4 Isothermal Performance Sample Case Outputs

The outputs of the sample cases defined in Sections C-5.1 and C-5.2 are shown
in Figure C-10.

The outputs for the two separate sets of inputs are separated by the fixed input
block printout. The output for the first set of inputs (segmentation; constant
inventory) is shown first. It consists of the fixed input block followed by
four groups of output. Each group has the average of the sink temperatures of
the operating segments specified.

The first group shows the radiator operating with all six segments. The mixed
outlet temperature (TOMIX) is 643.4°R which is less than the specified target
temperature (TMIXG) of 800°R, therefore, automatic segmenting should occur.

The next three blocks of output show the radiator operating with 5, 4, and 3
segments, respectively. The corresponding mixed outlet temperatures (TOMIX) are
675.T°R, 736.7°R and 817.3°R. With three segments in operation, the value for
TMIXG was exceeded and the anlysis completed.

In all but the last group the Mach number specified (FSV) is exceeded as
indicated by the message - MACH . . . IS TOO HIGH . . . WARNING. However, since
these groups did not produce a proper outlet temperature, no problem exists.

The zero value for TMIXX is meaningless since this veriable is not applicable
to cases using segmentation for temperature control.

The output for the second set of inputs (proportional bypass; constant pressure)
follows the second block of fixed input printout. The output consists of four
groups with all segments operating but with different total mass flows through
the condenser tubes.

The first three groups of output show mathematically correct solutions which
may not be physically possible. This is true for the first group where TMIXX
is higher than the temperature of the bypassed vapor (THETA for the first group
equals .25).

The second group used a negative THETA (-.01857) which is also physically
impossible. The third and fourth groups show physically possible solutions, but
only the last group contains the final answer where the value for TMIXX (846.TCR)
falls within 1.0% of the specified target temperature of TMIXG = 850°R.

Total running time for the sbove sample case (two sets of inputs) was 185 seconds
on a UNIVAC 1107.
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SAMPLE INPUT DATA SHEET - FUEL CELL PERFORMANCE PROGRAM
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Figure C-9

SAMPLE INPUT DATA SHEET - ISOTHERMAL PERFORMANCE PROGRAM
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APPENDIX D

PROGRAM STRUCTURE

Each of the five programs consists of a main program and two small subroutines
"TARLE" and "CROUT." "TABLE" generates gecmetrical and fluid parameters using
the "PUNT" input. "CROUT" solves a system of linear simultaneous equations
using the method of Prescott D. Crout. These two subroutines perform the same
function in each program, but the form of the subroutines is not identical in
all cases. Fortran IV format has been used throughout. No sense switches are
used and each program will run without operator intervention and return to
monitor control when completed. One input and one output tape are used and
are labeled by the symbolic references "ITP1" and "ITP2", respectively. There
are two cards in the beginning of each main program which define these symbols
and are now set to 5 and 6. Sizes of the programs can be estimated from the
knowledge that each fit comfortebly on a 10,000-10 Decimal Digit Word IBM TOTO.
Until experience with the programs enables the user to maske more accurate
estimates, running times on a UNIVAC 1107 are estimsted as follows:

Design Programs

Fuel Cell ~ 7 min/100 designs
Isothermal ~ L4 min/100 designs
Prim/Sec .~ 5 min/100 designs

Performance Programs

a) TFuel Cell ~~12 seconds per segment calculation where the number
of segment calculations equals:

s+ . L[] Los) @) -a)
2

2

and where (S) is the total number of segments and (NS) (S) is the
required number of operating segments to produce the proper outlet
temperature. The maximum number of segment calculations is:

(8) (s) +1
2

b) Isothermal (with segmentation) ~ 8 seconds per segment calculation
where the number of segment calculations equals:

s(5+3) _ ws) (8)] 2[:(Ns) -+ .

The maximum rmumber of segment calculations is: (8) cés) + i"—-

D-1



TRW EQUIPMENT LABORATORIES "Il

¢c) Isothermal (with proportional bypass)-/30 seconds per segment.

D-1. Design Program, Ho~HoO Fuel Cell Direct Radiator-Condenser

A simplified flow chart (Figure D-1) for the fuel cell design progrsm is given |
to aid the user in following the program and source deck printout (Figure D-2). {
|
|

D-2. Design Program, Isothermal Direct Radiator-Condenser, with Subcooler

A simplified flow chart (Figure D-3) for the isothermasl design program is given
to aid the user in following the program and source deck printout (Figure D-4).

D-3. Design Progranm, Primary/Secondary Isothermal Direct Radiator-Condenser
with Subcooler

A simplified flow chart (Figure D-5) for the primary/secondary design program
is given to aid the user in following the program and source deck printout
(Figure D-6).

D-4. Performance Analysis Program, Hy-Hy0 Fuel Cell Direct Radiator-Condenser

A simplified flow chart (Figure D-7) for the fuel cell performance program is
given to aid the user in following the progream and source deck printout
(Figure D-8).

D-5. Performance Analysis Program, Isothermel Direct Radiator-Condenser, with
Subcooler

A simplified flow chart (Figure D-9) for the isothermsl performance program is
given to aid the user in following the progrem and source deck printout
(Figure D-10).
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COMPUTER FIOW CHART - FUEL CELL DESIGN PROGRAN

READ INPUT
WRITE INPUT

CALCULATE
AND WRITE
our
TS

!

ERROR

| MESSAGE

SEEm——

GET
COMBINATION
OF
DIIN, N, WINA

h 2

ERROR |
MESSAGE

SOLVET &
TF MATRIX

WRITE

OUTPUT

Figure D-1
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SOURCE DECK PRINTOUT
FUEL CELL DESIGN PROGRAM

CTUATMENSTON D(34,33) , R(ZLY ,  CUZ21) , YSRUE,21Y ,YUZiYy,ROCTZLY , 1O

1 FOCF(21,6).WW(5),TSIN(20),0G0¢20,2),H(33),TITLE(16) _ N0t

T CHMMON €1,C2,C3,C4,C5,C8,C7,C8,09,24,72,23,74,75,76,27,78+29, T
1 Y1,Y2,Y3, Y4 , 1TP1,1TP2,D,H,J55,1J8 1003

FGUIVALEREE'(WWTIT}WIF;(WWT?)[W?T}(wwr377w37””“““"““”““”“"“’”"“““TUUW"“'””
FNSP (A,B) 3 (A + B) /7 (2,8(A + B) +CON2) 1n0%

‘¢ T YHE NEXT 2 CARDS DEFINE TAPE UNITS ,FIRST INPUT,2ND QUTRUT — ~ 7 {nogg — ~
1ITP1 = 5 1107
S S o .
!Sl1=ﬂ 1n09

DATA ISR/: 2:3,8,2%N0,1,2,3%,9,2#0,2,53,74,10+1:0:73,74,7%5,R1,2%0, 1711
174,75,76,R2,2%0,7%,76.:77, 53.2iﬁn75.77?84)3d0o579)IHTTT7TUIHTUTTﬁTVI“T7 B
?.16.0-9.6n.61.3.8017.80.81.82.74.RB.O.Ri,82.83.75189.ﬂ.82.83.34.7‘1013

3,0, 0,83,84,77,94,2%0,8,16,17,340,8,16,17,9,2%0,15,A7,8%,10,8,0, 1014

437 RA,80,R1,2#0,B8B,R9,9Nn,R2,2%0, 89 90, 91.83.2-n 9N ,91,84,3%wn/ 1N1%
TUR%Y CRFAD (ITPL,8774) TITLE R 1 K S
WRITE (1TP2,6776) TITLE ' 1117
TT6776 FARMAT(16A5) ' o : R T Y
READ ( 1TP1L ., 1003INTS,(TSIN (1),B0C1,1),A0(1,2),1= 1119
T 1ANTS) - S e V-1
1003 FORMAT(I2/(3F10.4)) 1024
AP FORVATIAFL0,4) ' ' ' qmpr
RFAD ( ITP1,10N2)EMDG,EMDVIN,PM, TIN, TOUTDPTOT,,2KTH,7KF, 1023

T f RHOF,RHOT,RHOH, TH, ET,EF,FSV,DEMIN,DCMAJ,ELEMN ,FLEMX TIF, RHOAF, 1024
? WMAX,WMIN, TFMIN, TFMAX,DNMIN,DNMAX, DNDEL , ENMIN, ENMAX, ENDEL ,wIMIN, 1725

TR OWIMAX,WIDEL,TTGC, TAU,FLNPO,EMEF ,EMETH, ALPHS, AILPHT 7 T NGRS
WRITE (1TP2,8N0B)EMNG . EMOVINGPM, TIN, TOUT,"PTOT, 7KTH, 7KF, 1127
T T RENE, RHOT, RHOM, TH, ETL,FF,FSV.DCMIN,DOMAJ,ELCPN ,FLEMX ", TIF,RHOTF,; 1N2R
? WMAX , WMIN, TEMIN, TFMAX, DNMIN DNMAY nNﬂFI,FNMIN ENVAYX 1129
WRYTE (17P2,5432) FRPOEL W WIMTIN, {037
1 wiImMax,wIDEL, TTG,TAU FlNPﬂ FMFF EMETH,ALPHsnALPHT 1131
o T(‘c TTG 7 i oo T 1”3?

ANNA FORMAT(SNH DESIGN PROGRAM,H2 = W20 FUFRL CFLL , DIRREAT R/C /712H F1n33

T T T IXEN INPUT 79X 3HMOGTYSHMDV INT OX2HPMIXSHY INBXAHTOUT7XBHNPTRTININKTH "{n34.7 " -~
21NXPHKFAXAHRHOFAXAHRHOT/SXTHLRS/MINSX7HLRS/MINBX4HPSTAIXSHNEG R7X51035
AHNEDR ROXIHPSIIXOHR/HR FT FIXIHR/HR FT FIXIHLBS/CU FTIXOHLRS/CIT FY/{N34A
AYNF12,4//8X4HRHONIOX2HTHIAX2HETINX2HWEFOY IHFSYIXBHNCMINTYSHDCMAJIXB1N37
T SHLCMINTXEHL EMAXOXIMTIF /3IXFHLBS/CU FTBXAHTNCHARX2HFTIIXZHFTINX?HFTI{ N3R
ANX2HFTAXAHINCH/INF12,4//7XSHRHOIFAXAHWMAXRXAHWMINTXSHTFMINIXGHTFMALN3Q

T T T T YIS R T TR O 7Y SHD T INF X SR T TN X SHN OOX IHN F/ZaXRRLR/CTT, FTLOXZRFTINY 21 man ~ -~
RHFTRX4HIKCHRX4HIN0HRX4HINCHRXdH!NCHRX4HXVPH/10F12 47/7) 1n44

TUTH43? FARMATU /, . TTYIHN DSYXARWINA T INE? T

INEXAHWING FEXAHWINA NDBXIHTTGAXIMTAUAXEH=MPOBXIHMFF7X4HMETHAXSHALP1 143
PHEEXSHALPHT /17 X4HINCH7XAHINCHTIXAHINCH7X4HINCH7 X 4RNAYSTIGXIHPETAXTIHPI R4 4

IST/F1N, 0, 6F!1. ,?Flt O ?F11 4//) 1145
CALT TARLE - ' NG -
1F(PADEL)IANS,A0?,R03 1n47
Yald NNDFL=999, Co : N R o 1naF
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r
\; 803
|

lF(ENDEL)ﬁOS.ﬂod,&OS

1n49
- I, I SR
‘ L) !F(ulDEL)ﬂG? RQ6,RO7 1154
i ané WIDEL=999, T o i e s — 1757
‘ . an7 CONM =z ENMDG + EMDVIN 1053
j T 21, +(DNMAX-DNMINY/ DNDEL &, 0D00Y 1A54
. J =1, +(ENMAX-ENMIN)/ ENDFL +,00001% 1155
K = 1,7 +(WwIMAX=-WIMINY/ WIDEL +,00001 D B 1) T
1=NTSel# jaK 1057
~WRITE T ITP2, BO09 ) T T B Y (-1
8009 FORMAT(/13,29H INPUT COMBINATIONS REQUESTED//) 4N59
TN315=TOUT+315, - B YRR A T
TN460 =TCUT=-460, 1nés
TI315=TIN«3¢s,  ~ T 7T T T e - BT ¥
- FMOng = 9.06 # EMDG 10673
C119 s ,0809 «c{ 1N64
€14 3 4, & Cy 1n6%
Z3C7E 8 73 #C7 & FT  &(-1,495 F~-iny ~ ~ ~ YRR T T
72C? = 22 «C2 1167
o T 7405 2 74 WCS # («,23BE-(N)’ 1mER
CPZK 3 ,B5 & C2 # 7KTH 11069
€327 = ,pM2722 w3 T T B T EhYL
- EMDVE= EMING  /(,1502F+7 & PM & EXP (=,0253147T00T)=1,) 1n71
FM776 = 776.# EMDG 137>
TMT = TIN - TOUT 1173
| SHIN T BEMDVIN s EMDG T T 1074
| PM{44 =z 144, & PM 1175
CONI2 2 (RNOT & FMETH SEMETH)we(=,166666067Y — B 1n7¢°
TAUTZ s 2 & TOUT 1n77
CONIT =CCNI2/( RWOF #EMEF #EMEFY#4l<,16666487) T{RTR T
FXCAN = EYP (-.01155 * 92”.’ 1179
BCMRY & 17,7 & DCMIN 1nRN
DOMJU3 = 37,7 « DCMAY 1nAY
765 = |5 #76 T TooT T LIy
77C0= 77%C9 10R
- PIMIN € 3,44 & 76 & DCMIN — AR
PIMAY = ‘.14 ® 76 & DCMAY RLL
B TTTCHNTE F ({,SCARY & 8, LTS
CR1?2 = 12. # CR 17”7
RHOTF = RHOIF & TYF & | N417 1MRA"
TH?2 = 2?2, #TW 1PKY
Z?EF = 77 & EF T fa9n
COANS3 = EXP (,0237 #T0460) 1199
CONSE = EXP (, 0079 ®(TNUT=-13RN,Y) 1nN9?
FEFF = n, 1193
T ~ TF(ELCPN ~ SWMIN + TFMAXY 7770,7774,777D 1092
7774 FEFF = ,4& 1195
7770 RMIN =(FVM77% + BS5,6 % EMDVINY /7 CODNM T 4nNgR T
FEMEM = FVﬁG + EMDVE 1167
T T PINSA = PV W EMOVIN /{ EM908 © +EMDVIN) 1A9R
TAVF 3 ,Se(TIN + TOUT) 1199
TAI1B=TaAVE+3¢5, —~ ’ S T RLLE
CON? = RNMIN # TIN 11
RME  =(EV776  + EMDVE «#85,6) / EMEM - i
- CONSY = (CONM/EMEM)aw .75 11073
TINSA = 562, + 39,54 «4LOG (PINSA) 11na -
- WRITE ( 1TP2,7064)TINSA 11n1&
7061 FORMAT(10H TINSA IS F10.1i7/) - (106
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TING6=TINSA~460, 1107
CNNTS 3 TEXP ( O237¥YINGE = EXP (; U237%TO460T) {10~
TNMTO=TINSA=TOUT 1109
— T ROMIN s PM{d4 ZCONZ T 1IN
SOVV = 6,72 # SORT ( CON2) 1111
ROMF = PV144 7{RME ¥TOUTY 1112
TAVSA = ,S#(TINSA ¢ TOUT) 1113
{77 FORMET{IZRSTOPTINSA NOT GREATER THAN TOUTY™ 1113 -
IF(TAMTO Y 17¢ 4 171 4173 1115
T WRTTE SR 145 ¥ 7S y B 5 & ¥
GN TO 837 1117
T TTMT s TIN- TINSA B e TTIR -
EMDVAV = EM906 /¢, 1502E+7 #PM EXP (~,025314TAVSA)w1,) 1119
TRy = TTMY T 7 TN e TT2Zn -
RETAY 3 1, # ,45 & CON1 1124
- " BETA? = 1, % CON{ R L 7 S
CONGO= FSV ® SOVV 1123
EMMY = "EFTG + EMOVAV — e 174
RMAV =(EM776 + 85,6 % EMDVAV) / Fumy 1125
TONSZ=E " TCONMZEMMU Y& ¥, 75 ) - - CY2R T
ROMAyY= PV144 / (RMAV » TAVE) 1127
— nA 1205 ITS = 1,NTS - - R & 4.
T8 = TSIN(ITS) 1129
WIS = NGCITS, 1) E e 1 { R
ATT = 8RCITS,2) 1131
S S TECTS ) 3NS5 304 0 303 Rt I - I
IN4 TS4 = TS & T§ 1133
T T Y84 = TG4s TG4 1134
TS = TS4 #% ,25 1135
TTTTTTTTUGA TR 389 - R R D, T
Ine TS4 = S,83E+3 #(Q1S #ALPHS/ALPHT + AlT) 1137
TTYRSYTTURITET 0 { ITRP2, 4M1t ) TS C4q3R T
4n11  FNRMAT(/7H TS IS F10,1,4H DEG R//) 1139
T3A&  NTIN = DAMIN T y44n
17204 DN118 = DIIN #11,BE+6 11414
R LR AL S 19147
17202 ATC1 = (RETA2 #FMDG #3,42 + RETAL # FMOVINY #60, /FN 1143
T CTHE YIS IN THE NEXT ER, IS THE CORR, TO THE THEMRFT, WY,LNER Ed. o

QTC? = 1,15 # 1n6200, # EMDG #« PM wa(-1,112) / EN
e ENZTEENS RN A : o . - {145
FM?48 s EN2 * 248, 1944
NTTNN = CI'IN « EN ) B T 1T74e7
D1HA = ,5 &« DIIN & SORT (FN/7!) 114#
TTTTTTTTTTTTENNT 7 E T TIHEE7ZTEIOBN, 7 1Y49 ¢
NTINK=E 1,414 # D1HA 115N
75N12 = ,AA3Y » 75 # EN LI
ENG4S = ,NN545 & EN # RHQOT 1957
TTTTTDRTIN2 = DYIN W IYIYNNTT T T o e e - {83
NDINI1T = DIINN /7,11 1154
— TNZRY T T INN 72,7 RIEFg = o o T R & B- A B
NTINY = DRIIN2 7 3,06 1156
R - UMIN = CONM / (ROMIN # DTINI Y ~ 77 gy By
RAY = ROMIN & YMIN 115R
VME = EMEM / (ROME » DITN3Y {159
YMAY = FMMY 7/ (ROMAV # DIINT ) 1160
=3V = ROME ® UNMF TTYYSYT T
RFEEHA = RV * DIHA #» 11 ,8E+K /TO3LS 11672
REEY = RCMAV #DIIN & UMAY & 11,RE#6 7 TA31S 1763 — -
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CONB = EMDVIN =~ EMDVAV 1464
TF{REAV =~ 2000, 232 , 237 , 23 - 1¥6%
23 IF(REAV=-4000,) 2301,2302,2302 1166
C 2302 FRAV = [3YE/REAVE, 25 T T T T e e e R Y T
60 TO 231 1168
2301 FRAV = 00277 &« REAV @« 322 ~— T T T 1160
GO TO 231 _ 1170
232 FRAV =784, /REAV =777 "7 T ) IR & I £ I
234 RFAV = CONB 7 (DN2A3 e(683,~- TAVSA)) 1172
WEFAV = “VMAV #SGRYT (ROMAV) « CONA /7 DINIT o 19773
26 IF(RFAV - 200,) 261, 261 ,» 262 1174
261 IF(WEFAV- 3, )Y 283, 262 , 282  ~— ~ =~ o {978
267 PH1AY = CONS? 1474
GO TO 264 o R K i 4
263 NRAY = 12,93 # SQRT (CONB » ROMAV #(683,-TAVSA)/(FRAV » REAV 1178
1 (EMDVAV+FMOG)Y & TAS15)) B A AT 1179 -
IF(REAV -~ 200Nn,) 2633 , 2631 , 2632 118N
2631 PH1AYV = ( 1, + DRAVY »sd, T T TTTT{YRYT T
60 TO 264 1142
"?332““VHIKV" Ty5 + SORT (,25 & DRAV))Y ## 4,75 1183
264 REE = Ry ® DIIN ® {1,BE+6 /(TOUT + 315,) 1164
. “TF(VWXK"i“CUVSUT“S 5 4001 T . LR
4NNt WRITE { 1192 14002 Y DIINLEN , VMIN 1186
- 4ANNZ  FORMATUAHRDTINGFI0. 4, 10XIHN,F10, 3, I0X4HVMINFID,5,12H GT FEV#BAVVY “{{R7
6N TC 1201 113889
5 TF{REEWA » 2000,) 13077, 1402, 1403 " 4189
1402 FREW = 64, / REFHA 1190
o i YO 1404 oo ST e {1197 7
1463 {F(REEHA = 4000,) 1407 ,140D8,1408 1192
1407 FREH = ,0C277 *REFHA *e,322 S T e R & A D
60 TC 1404 1194
T {ATRTTFRERE T 318 /7REEHA®R 25 119%
1404 PHIFK = CONSY 1996
o RE{HASs ROV & D{WHA #11,BE+8 /7 TI315 S T 1997
IF(RE1HA » 2Q00,) 702 , 702 , 713 1494
YAk FRIOW = €4, 7 RE{RA — ~ 7 = = oo T e e A A
: 60 TO 7n4 1200
. Vish] TFIRETIFE = A000. ) 7R3, 7032, 7032 12019
7031 FR4H = ,0N277 & REiHA#e,322 172072
. GN TO 04T T o 170%
. 7032 FRYIW = N,316 / REJHA##,25 1704
. 704 WINA = WIMIN Comm T L
6 Z5W 3 7% & WINA 172064
. WINAZ = 7. ® WINATT T 1207
' CON3E = CON3IS & EM  # WINA 1208
. TTTTTWRARY 3 OUDAYY & 75 4 EN WU WINE2+ DTINY «PIMIN 1209
' 8 DPiH = FR1M #ROV  #VMIN #WRAR1/CNN77 1210
' URARE ] 7: * WBAR! - p!MAJ i *1*551—-
' 15 NPEH =FREHs PHiEH® RV s VME ®WBARE/CNN77 12192
, "CON&™ & DPiW # DPFH - NPTOT ’ ) 121%
’ DPLC = 1.0REwd #( ROV #YMIN =»3,# RY #VME)Y - CONG 17214
) IF{DPLCY4aNN3, 4003, 16 S T T 1215
' 40N3  WRITE ( 1TP2,40N4)3D1IN,EN,WINA,NDPLC 1216
. 4004 FORMATUARDIIN,FL0 4, TOXIHN,FIN, 4, 6X4HWINA,FID,. 4, 6X4HNPLE,FIN,4,TAW1PT7 -
' 1 NEGATIVE) 1718
. GO TC 1200 o ‘ T 1219 °
. 16 ELC = 773, «DPLC » DIIN /(FRAV #RQOMAVs VMAV # VMAV #PHY1AV) 172n
' IFCELCMX) 271, 273 , 27¢ ' o o {72y T
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FNVE =

274 IF(ELC - ELCMN) 4005,4005,272 1227
277 TFTELTVMY « ELTY 4005,400%,273 1723
4005 WRITE ( ITP2,4006)DIIN,EN,WINA ,ELC 1224
C4NNG T FORMAT(4FDTINFID, 4, IOXIRN L F{0, 4, 8X4RWINA,FI0,4: 6X4H BT, FIA,4,13W{7?25
1 OUT OF RANGE) 1226
o GO TC 1200 1227
273 CONG = ELC # DIINN 1728
TF{TYGY 274 , 2R, 274 1729
274 TT = TTG 1230
o TTX=TTG T B 1231
GO TO 3N 1232
DRTTTAP ' 732 TP W CONY B e 5 5 SR
TT = 3,31 # (AP » TAU/FLNPO)!0.25 * CON3? 1234
30 Yo = z, YT T e T s e {73%
DAIN = DIIN + TT2 172364
T UChND TE 75 e WINRT T TP
CANY = 18,88/EN 1238
CONd & % & DOIN - 1739
WIN 8 (COMN3 # DCMIN = CONd)n 26 + CON? 174N
WOUTz (CUNY "« OUMEJ = CONAYHF 286 F TDND - R L5 S
TE(WMAX ) 301, 303 , 30t 1747
N9 CONE =, TRI3 #EN # (7, % WIN & DDYNY — = 77 i e e e e g
IF(CON6 - WMIN) 40D07,4007, 302 1244
S 3N7? T TFtWMAX - CONAY 4007,4007, 303 T R -X L
4nNnN7  WRITE ( ITP2,40N8)NTIN,EN,WINA, CONG 127244
TR T FARMATIANCTINFIO, &, TOXIHNFIN , &, 6 XALWINAFLIO &4, AXTHW,FID, 4,13 NUT 17487
1F RANGE) 124R
I 1o B o B -4 1 o R {749
3ny AT=TAMTO*GTC1+QTC2¥CNMNT9 1725n
CON(, = WI’K’; ”uo’n‘f‘”"_" ST T mms i mem e o e e e £ o e m_1 ———
CON7 = TAVSA & TAVSA 1252
CHN7 "27CCN7 & CON7 ’ 1753
CONMR = Z722FF # ELC #(CON7 =~ T54) 1254
T COHNG = ,7?BR7E-9 & DAIN & CONB T T 7R R T
CANR = SR, E+R #(QT = CONQY / (CNNA & roms) 1254
 TF(CONB=- FFFF) 4n12,4ni2, 307 1257
In7 1F(1, - CONR) 4n12,4012, 308 175R
3NTZ  WRITE ©UT TTP2, 4DIIINTINGENIWINA ,CONB R - 1
4013 FGRMAT<4HDI!NF1H 4, 1OX1HNF3H 4, 6X4HWINAF1G 4 6X4HFFFFFiﬁ S, 13H 0U71°6ﬁ
- "1 BF RANGE)Y 4761
0 TC 1200 1267
TIMAT T CNNG E(EVDVIN-EMOVEY 7 TTTINN I 1783

VVE #( RY/(12,1 #REE##,25) + C0N9/(7 54'ELC)) * (CONQ - 17264

T CRRT, = TOUTYY #%7-,33333333) -
1IF{(C5-4,) 31 , 35 , 39 1266
31 TTCONYT TETZ, O DOINTZ TONS ) Ty EY
F3SP = SGRT (.05 # CoNt *.onzs) / (CONL +, 1) + SPRT (3,AN3+ 1,05#126R

1 CONTY 7 (TONT + 3,90 T - {789 -
F4SP = SGRT (,2 # CON{ «, 04 ) . (CON1 +.4> + SORY (3 24 + 1,8 -197n
T COKTY 7 (CONT % 8,8 7~ o I A S
FRSP = SGRT (.45 # CONY " 2025) / (c0N1 +*, 9) + SARTY t2 403+ 1.55%1272

¢ CONTY 7 (ToNg 4+ 3,1 T T T T IToTY

FASP = SGRT (,8 «# CON{ +,64 ) / (CONY +1,6)+ SQRT (1, 44 + 1,2 #1274
i "CORTIY 7 (CONL + 2,4) ' ) ‘ 1275
£ON? = CONGZ DOIN 1274
CAONY = 1, 7 (1, + 2, *CONZY 1277
F1SP = ,6366 #(4, + CON2 & (4,= SART (1. *DOIN/CONA)) + ,5 =« 127R

1 ATAN U SBARTY (1, = CONI & CON3IY 7 £ONY )~ B I 17279
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GO TO 40 1280
35 IF(73) 351,39,35% o 1781 -
351 CONt = DOIN / WIN 128672
T CHON2 = CCNY « COnNY T T ST T o B 176 T
- F3SP = FNSP (,05#CON1,,0025) + FNSP (1,95 #CON1,3,803) 12R4
F4SP = FNSP (,2 #CON1,,04 ) + FNSP (1,8 &CON{, 3,724 Y 4 28%
,, F&SP = FNSP (,4%#CON1,,2025) + FNSP (1,55 #CON{,2,403) 1286
T T FESP T FNGP (B #CON{, .64 ) 4 FNSP (4,2 WCON{,1.,34 Yy T T qpgy T
F1SP = ,3183 #( ATAN (1, + 4,/CON1) + ,2146) 128R
& 15 an il AR L . LA, g
39 F3sP =9, 179n
PAGPSq T e e e g
F5SP =94, 1292
FRSP 5y . B T L Do d—
FiSP = %. 1294
4n WW(1)=,83333 % WIN T+, 16687 ¥ WOUT =~ T ) o 1295
WW(4)=z,66667 # WIN +,33333 & WOUT 1294
WW{2Y=,5 « CONG T B o oo ey B 1" ) A
WW(5)=,33333 » WIN +,66667 » WNUT 1298
WWUTSIY= 76867 % WIN +,83333 a# wnuT ' 1299
c CALC, EGCF «RDC =B 13nn
U TCONI = EF e ELT T T T T T s e e e g
CONG = F1SP # DOIN @« E{C « 723C7E 1302
B TONS ~= 74CS & TONI & TIOIN ~ 7~ o e : ) ’ L3N
CON6 = 772C2 « CON3 1304
T YOI TE 1,1%.,7 0 T T T ST T B I aeh
J =1 +1 /77 1308
— CON7 £ CON& & WW{JY — "~ 1 — = TToTT B B 1o At
RNCCIY = 0N, 1308
RDCTI+YYy = CONG~ = 77 o T T ST e TN T T
RDCCI+2) = CONS 1310
RACTT#37 =< 95F=11 & COM7 % (6 + F3S5P) ’ 1311
BNC(1+4) = =1,9E=-i1 & CONT * (C6 » F4sP) 1312
ROCUT+5Y = =7,85E~11 &« CON7  ~ ~ % (C&Kk ¢ FB{PY — ’ 7313
3040 RNDC(1+6) = -3,8 E~11 & CONY *® (C6 + F6SP) 1314
DO ROPO OIEoYL,?1 S, b - T
3IN20 R(!) = TS4 # RDC(!) 1314
T CONT TEUELT #UIKF o ' o Coamr
CONR = 7KF / ELC 1338
- ™MD = DOTN "% NIIN T T ’ ' ' 1319
DPD = DOIN + DIIN 132n
TTTTTTTONY E U3 &« DIIN @ ELC 7 (5 D24 % DMD /7ZKTH) ‘ oo 12
CANG = C3 @ CON3 1322
TTTTTTTCONS = TIE R TON3 ' ‘ ' 13w
CONT = DMD #DPD #* 2KTH /ELC 1124
- TONO T=C27K & ELC « DMD/DPD 1325
CON6 = (327 & CON3 1324
T CONTA = 0119 = CON3 ' 1327
__ CON11=,5#0TCH 1328
B L L B2 ) { ol ' " 132°
CON13 = CONY2 » CNNSB3 1230
CONYq = <EXCON » CTON{?2 ' ' T ' ' T 133
CONP?D = < CON12 #CONS4 1332
DO S056T = 4,5 - - - - IO . o , EREEEETEES he AN
J = 7 o« ] 1334
TR a Y/ h o 1338
CONT = CONT/WM(T) 1336
 CON? = CONBEWW(K) T T T o I A5 YA
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FQCF(J,1) = ,952 # CONt 133R8
FRACFUJ,.3Y = 00834 * (CON7Z 133¢
EACF(J,?) =2 = ERCF(U,1) = EQRCF(J,3) 134n
O ERCF(J-1,1) = 1,334 « CONT 1341 )
FACF(Je1,3) a3 EQCF(J,1) 1342
EACF(J=-1,4) = , 008624 » CONZ 1343
ENCF(Jw1,2) 8 » EQCF(J=-1, 1) - EGCF(J 1.3) -~ ENCF(.J=4,4) 1%44
'_“__““~'FHCFTU”7{TT“1'2“?7""UDNT o - {33= -
FACF(Je2,3) & EQCF(.J=9,1) 1344
T UTFARCFUU.2,4) 3 , 00417 % CONZ T 1347 -
EACF(J=?2,2) = -FQCF(J-aui) " FGCF(J 2.3) - EGCF(J -2:4) 134R
TEACFUJ=3,1) 8 6,67 #TCONT T 349 T
EQCF(J=3,3) = FQCF(J ~2:1) 135N
FACFUJ=T%,4)Y & ,0020R5 & CONZ T T L 3-2
FACF(J=3,2) = ~EQCF(J=3,1) =EQACF(J=3,3) « ENCF(J=-3,4) 1352
- T TEACF(Je4,TY = EQCFUU=T,4) - T R I 1% S
EQCF(J-4 1) = CON9 1354
TFEACF(J~4,4) & CONG T T T T T - T 135%
FACF(J=4,5) = CONA 1354
TTTTTTTTTTEACFII~A,7)Y v - EQCF(J~4,4) ~ EQCF(J~3,5) - BACFlJ=4,4)Y "~ 77 A7
J s Jd =5 135R8
T TFQACF(Js1) = CONS ' - I I 31~ A
FACF(J,3) = 2, » CONG 1360
T EACF(J.,4Y = CONIN A e L T- T
EACF(J,?2) = » EQCF(J,1) = EAQCF(J,3) = EACF(J,.4) 1%62
S e ey R . : = > _ B
EACF(J,?2) = CONS 1364
TT3INBN FACF(Ja%) = 2, # CON4 1365
FACF(17,%)=2,333333334EQCF(17,9) 1364
T T RMLTY = =EQCF(17,5) « TOUTZ + B(17) T AR I 1 -3 AR
FRCF(16,1)=,333333334FQCF(164,1) 136R
- TTTTTRULRY T = ~EQCFU46,1) # TOUT2 + B(14) " {389
ENCF(14,4Y = EQCF(21,3) 137n
TFRCF(74,?) ® FQUF(14,2) -« ENCF(14,4) o I B A B
FNCF(13,5) = FRCF(2n,4) 1372
o CFACF(12,5) = FQCF(19,4) N R YA
ENCF(11,5) = EQCF(18,4) 1374
T TTTTTTERCFTI0,RY 2 EQCF(17,4) T 1375 -
FACF(9,%) = EQCF(16,4) 1376
" hn 3060 J = 9,13 1377
INGN  FACF(J,?) = EQCF(J,?2) = EQCF(J+7,4) 1378
B ENCF(R,4) = CON1t ) ’ ' 1379
RERY = B(A) + TOUT2 # CONYY # ,33333337% 140
TUTTTTTTTTTEACF TR LYY CE W, 3IIXIIIICATONI LA CONS & FALFCA, ) TR
EACF(1,1) = -CON{1 = CONS = EACF(4,3) 1342
ERCF(1,4) = ~CON14 U ) {38}
R(1) = R(1) «~CONLY #2, & TIMSA = CON1I2#EXP (,N237 #TIN4AK) 1414
o Fﬁtr(is 1) = T'Oklii . 1, SS‘SWV"" 37 b) S's‘s}TTUHR‘S_‘TT\'mTS‘TTT >>>>> —XEs

RE1S)=B(15)+,66666667#TOUT#H(2,#CONL1+FQCF(15,2)+4EACF(15,3))+CANLT T4
T U T TRADTATOR MATRIX WITH EXPONENTTAL UNKNOWNS AND MULTTPLTEN TINRNNWNS {387

c CONSTRUCT DERIVITIVE MATRIX D 13sR
- C ?1 FQUATIONS ,15TH UNKNOWN 15 THICKNERS 20 TEMPERATURE ~ ITNKNTWNS "1 3H#9
INSR=21 1390
J35 = 0 1394
TFL18L2)9%94,391,399 13992
T39O TOISYELAT T —_ %9
TNSR=?2 1394

392 T‘(i ) =’TINSA [ . - . — i = i e - - ’,‘vq_, -
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T(RY = TaAySa 1394
SAVEET(({B) - - R b 1y ank
T(15)= 66666667 # TOUT + ,33333333 # TAySA 139R
o T nA 780 Y=4,72 T T T T B 1A A
TEl+4) = T(1) - 2,5 1400
T(I+8Y = T(T«7)~ 2,8 T T T R 10 A
TR0 TC1445)= T(1+14)+ 2,5 14072
b NIRRT IES, e T T Iy
o T(1+4)=T(})wyn, 1404
T T(TEBYET( YY1y, T T T ) - 140% N
_7RL TUI415)=T(1+14)~10, 1ace
F({5)ESAVE - 14067
399 15L220 140R
ann HEEL] T T T e 1419
. hnoany = 1,21 141N
COJY = T(JY & TeyY '« T(UY 1411
NN 401 K=1,21 14172
401 D(K,J)=n, - 14137
no 410 K= 1,21 1414
YR R4, W PPC(K) * C(K) 1415
Nt22,K) = B(K) + 4,25 #TF # T(K) 1414
T NeLs,KY = 1, T T 1417
rm 409 L1 = 1 6 141+
T = IsR(Li,KY T 0 T 1415
!F(J) 410, 410 , 402 142n
AND T T T 1424
J70 = g-70 1422
T TFLJ7D)Y40n4, 404,403 1423
any J=J70 1424
TH = T(15) T i 1425
4ns 1F(J=-50)4N41,4041,4042 1426
B LL-AERNENE-1, I 1427
MU)RISTFHEGCF(K,2)=T(15)#EQCF(K,3) 1428
NP2 K eC( 22, KY=EQCFIK, 2)%TLJT+EQCF(K,3)aT(15)#T{ J) 1429
N(15,K)=z0(15,K)~ TCUI#EQCF(K,3) 1430
D e B I o L A ‘ o N 14733
4nd41  ACRz TH # EQCF(K, Li) 1432
T YR(REJYANE T A0S, 406 1433
4ns NtJ,KY = ACR+TF 1434
B GATo 4n7 T 1438
ang NEJ,kKY = ACR 1434
CUART7 T2 ,KY = D22, KY - TEJ) & ACR 1437
TF(TH =~ 1,) 4N8 , 409 , 408 143R
TTATETTUTOIS, RY = OD(IS,KY 4+ ERCFIKR,LIYE TCJ) 1439
ang CONTINUE 144n
40N UCONTINGE 1441
CANIS = FXP (,N1185 &« T(1)) 1447
~ CONY6 =ExP (,n1185 & T(R)) 1447
CON17 = (CON14 « CON1S 1444
- TTTTDNYR T = CONY{T7 & CON{G 1445
CON19 = ,D11R5 » CON1S 1444
CON?Y = EXYP (,0158 «T(8)) - 1447
CON?2 = CON2D #» CON21 1448
T TTCANDY = {58 T« CON22 1449
ne22, 1>=D(2? 1) -~ CONtB 1450
‘”"‘"”“"h???jFTEFTZ?;R)m+ CONIR=CNN22 1459
Nl1,4) = D(1,1) +« CONIO 1452
T - NUA,TY = T(8,1) + CONTY T 1453

FIGURE D-2 (cont'd)
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N(1,8) = D(4,B) » CONIS 1454 |
T (B, BY ¥ OUR,RY = CONTY $ CONZ3 135%
Nt2?,15)= D(22,15) ¢ CON22 145¢
- SR IS YT DR, I8 & CONPY o o e - 1257~
1Js=1 1458
T RLL CROUT(RLY B 1459
GN TO (4112,6200),1Js 1460
,.._-.B_vn_nr—_ JSS:U —eree wwe =  ———— - e e e St ¢ ot o ¢ s e e e o Iq°1 —————
G0 TC (391,6201,4111),INSR 1462
— IR INSRES e —— 46
T(18)E,9 1464
4111 WRITE ( 1TP2,4143)DTIN,FEN,WINA 1466
AT FNARMATISH DTINFY, 43 TOXTHNFID 4, 6 XARW INAF IO, 4;41H 2T CYCLES P ERUATA®7
$TIONS NOT YET CONVERGED/) 1406R
GO TO 1700 o 1489
4112 1F(ABS (K(15))=,0N01) 4114,4115,4115 1470
TTEL(S T84 E N S 1477
4114 NN 445 K=z1,29 1477
TTTTTTTUOTYTERY TE T OTURY T R{K) - - B I 0 B
IFCABS (H(K)) = 1. ) 415,414,414 1474
T894 R ESNRELE ’ ST T - R O b A R
415 CANT INUF 1474
4316 YFUTISL1)44,44,40D ) o TTaE77T T
44 T30 = ,33333333 #(TOUT2 + T(A)) 1474
- TRz TU1S) xgre - -
IF(TF « TFMIN) 40N9,4009, 4107 144N
4107 1E(TFMAX) 4409,41Nn8,4109 EEELE
4109 [F(TFMAX = TF) 4009,4009, 4108 14872
TTTEON9 T WRITE ( ITP2,4n10)NIN,EN,WINA , TF . -2 . S
4ﬂ10 FORMAT(SH DIINF9,4,10X1HNF10,4, 6X4H\«INAF1ﬁ 4.6X?HTF F1n ‘5 11H OHT
T “{NF RANGF % ' 14RS
GO TO 1200 1484
"410R  CONq = 27C9 « TF R - ¥ v A
1SL2?2=1 1468
TTTT U YFRF = TF wZKF - 1489
PSA1 = 6,658E«7 ® EXP (.02531 # T(1)) 1490
TTTTTTTTTBELY 2 K BSRE-7 % EXP O (,02531 #TT(B)Y) © T -k )
PSAY = A,658E=7 s EXP (,02531 & T30 ) 1492
- T EMOyY = EV90& /(PM/PSAY=1,) 489
EMNY? = EMODA /(PM/PSA?~1,) 1494
FMDV3 = EMSAK /TPM/PSA3-T,) T ’ K LA
CANP1 2 EMDG + FMDyq 1496
TTTTTTTTTUEBNDY 8 EFDG ¢ EMDY?2 T 0 1397
CANP3 = EMDG ¢ EMPYR 149R
RMY{ = (FM776 + 85,6 #FMDy{ Y/ CANP1 - 1299
RM2 = (EM776 + RS ,6 aEMNDVY? )/ CON22 150N
I RMY 2z (FV776 + 86,6 #FMAYS Y/ CTONZ2I T 1501
T16Hs T(1) « 8333333 &« TIMT 150?
TstS_TTT)""#"";‘S'“"" CTTTRTYIMY T - T " B B0 0 0 SR
TISHE T30 + ,1666667 & TIMY 1504
ROMY = PNY444 /( RM1 & TIGWHY 7~ - T e 1508 -
RAM? = PNM144 /( RM2 # T28H) 1806
ROMZ =2 PM{44 /( RMI » TIGHY' 1507
My = CON21 7/ (ROMY # PIINT) 1508
AVAck- TTTCONZZ 7 (ROME % DTINS Y o100 A
VM3 = CON23 /7 (ROM3 « DIINY) 1510
RF{ = ROMY « VMY % DON{1A / T T15H +31%,) - 1511

FIGURE D-2 (cont'd)
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RE2 = ROM2 & yM2 & DN118 / ( T2SH +315,). 1512
RF3 = ROVS ® UMY & DNI{8 7 T T35H #3155,y o S 517
CON17 = EMDVIN ~ EMDVY 1514
B TEONTE E EFDVIN < EMDVZT T T s s s ppg
CONIG = EMDVIN - EMDV3 1514
WEFS~ ® UM{ » SART (ROM{) & CON{7 7 DIN{{ " - o TIs17 T
WEF2 2 VM2 & SGRT (ROM2) & CON(8 / DINtY 1518
"7 TTUEF3 TETUM3 @ BART (ROM3Y # CONIY /7 DIN{Q 519"
RFY = CON17 / (DN2B3 & (683, = T(1))) 152n
RF2 = CONIA /7 (DNZBY & (R, & TUR)YY 77 77 = oo g
RF3 = CON19 / (DN283 « (683, = T30)) 1622
IF(RET ~ 2000, 72,72 , 722 15213
72 FRY = 64, / RE1 1524
_________ A ot R P L.
722 1F(REY - 4000.) 7201,7221:7229 1526
T 7201 FRy 5 ,N0277sREY 44,322 1527
GO TO 723 1528
7221 FRY 3 (3067 REL &% 257 T T cmooe o e 1529
723 IF(RF1 =~ 200,) 724,724 ,726 1530
U774 TIF(WEFY STRY 725,725,726 1539
775 nn: = 12.93#50RT ((CON17#(6A3,~T(1)) 'QnMi)/(FR16°E1ﬁ(EMDV1+FMDG)*1§3?
o HTISH #7318,y )y T A L3 3
YF(PEl - 2000.) 7251 , 7251 , 7252 1534
T 79597 BH{{ = 1§, % DR{) ®% &, S 1535
60 TC 73 1536
7?57 T BHIT E U5 # SBRT 1,25 4 DR{))ss 4,75 1537
GO TC¢ 73 1538
T 7287 PHIYT E (CONMZ CON21)#e, 75 1539
73 IFIRE2 - 2000, 731 ,73% 732 1540
A3 FR? = 64, 7/ REZ ~—~— — T ’ . A-Y - B
GN TC 74 1542
T 7377 TFURE? <U4D0N,Y T 7321,7322,7322 1343
7321 FR2 = ,00277 * RF2 #s ,322 1544
o TGN TYC 74 o T 1535
7322 FR2 = ,316/ RE2 #% ,25 1544
TT74 T TFURF2-500,7 741 5 TAT O, 74 0 ” 1547 ¢
741 TF(WEF2 - 3,)742 , 742 , 743 1542
- 7477 NRZE{Z,93FSART T(CONIRE(ERI,T(R)IRROMD )/ (FRZPRF2#(FMNVIEMPGI® 1540
1 (7284 + 315,.))) 16550
T T TIF(REZ 2000, 73421, 7421 ,7422 1551
7424 PH12 = (1, + DR2)e# 4, 15572
T eATO TS ‘ 1553 -
7422 PH12 = (.5 + SORT (,25 + DR2)) #% 4,75 1554
GO YC 7% T 155%
743 PH12 = (  CONM/CON22)##,75 1554
T 75 TF(REI - 2000,) 751,751,752 1557
751 FR3 = A4, /RE3J 155n
A “h Th & - {559
75?2 IF(RE3 - 4000,) 7521,7522,7527 156n
T TTR2YFR3 2 LA0777 & REI ##,327 15861
. 6N TO 76 1562
7577 FRY = \3{6 7 RE3 #e 25 1567
.76 IF(RF3 - 20Nn,) 761,761,763 1564
' 761 IFCWVEF3 - 3,) 762, 762,763 I 15865
762 DR3 = 12.93 & SORT ((CON19®(683,=T3N)#RAM3)/(FRISRE I (EMDVI4ENDR) #1560k
. TTOCTISA T 4350 T 1567
. IF(RE3 - 2000,) 7621, 7621, 7622 1560
7621 PH13 = (1, +DR3) »+ 4, i} 15490

FIGURE D-2 (cont'd)
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GO YO 77 1570
7672 PHiS = (,5 + BORYT (.25 # DRIYY &% 4,75 1877
6n 10 77 1572
763 PHL¥ = (CONM/CONZI) ww, 75~~~ T o BT Y

77 NDIINX = ((FRY # PHi1 & COM2Y1 # CON21/ROM1 + FR2 #PH12 #CON22#CONP2P1674
¢ /ROVMZ + FRI & PHIZ #CON?2S «CON?3 /RUMIYSTELTC/TFNZER#DPLCY Y **, 2 {575

IF(TCG) 7701,7701,7702 1576
TN T E YT R UIDTINXFTTZ2Y/0TINI#E 25w CONSL ¥ CONSS T T 577
7702 DOINX = DIINX # 2, & TTYX 1878
WINY & 75W & Z65 & (DCMNS JEN ~ DOINY) e 1 £
WRRIX = 75N12 #(WINA2 + DOINX) # PIMIN 1580
T WRARFX 575 % WBRIX ¢ PIMAY - R 1T
WOUXY = 75W + 765 #(DCMJ3 /EN « DOINX) 1882
TTTTTTTT O EMY TEERSES % TDOINY % DOTNY S T DVINXEFDTINXY R PG ISR
WPW = WRRIX + WRREYX 1584
778PP ® (5aCONIB#EN® (WINXSWOUX)Y T B oo T {BRR
EMF = ,00347 & ELC » RMHOF « TF n(CRl? * wpw » ZZAPP) 1586
FM{F & F[C & RHOTF & WPW IR A {%R7
FMMS = ,NN545 # RHOW #WPW # TH2 #(THZ2 + 2,% D1HA) 1588
T R ETERY ¢ EMF # FMIF % EMKS : - T e g
ACR = ,5 & ELC & wPW 1590
— TRHOUT = EMOVE /EMDG 0 T T ’ R B 1- & R
ATOT = EN # QT 1597

“TPhR{O0T F §,21 SRR S S T e
61nn ey --T(Y) * T(I) # T(1) » T(I)Y + T84
A - L L T L e
COANP2 = 82,6E+8 / (72 & EF & FLC)
Chey 64né ) =2 1,3
StM zn,
o FIAT T = 4,7 o - : T m s e
1SUR = (_ »1) & 7 + |
TUTERTI{ETIM S ST + 2, # (RPCCISUR) # C(ISIB))
GO TO (A1N3,6104,6108) , J
B0  FEFYT = ~CON727 # SUIM /7 ( WY # C(3)) ’ T
GO TC 6106
61N4 FFF? = ~CON72 & SUM /7 { W2 ® T(¢0))
GO TC 6106
TTTRINS T FFFY T <TON?? # SUM /1 WX & TOI7YY ’ ) o
6906 GFTOT = OFTOT + SUM  #EN
o TRTTET F T GYDT -~ OFTOT ) ’
WRITE ( 1TP2, 1707) DIIN,FN,WINA,SHIN,VMIN,NI1NH, DIHA, 1408
1 WRRTY, UPEH.FMDVF:SHOUT UME,D1INH,DiHA ,WBREX,DPEH,NTINY,TTV,IOTNY{ATR
2,FLEC,NPLC, WINX,WOUX,TF, T(l) T(B) TN, QTOT QFTOT QATTAT, FFF1 FFF2 1607
T TTTTTTTWRYTE TTTRPZ L, {70RY T {RDR
1 FEF3,ENVE,EMT,FNMF ,EMIF,EMHS ,FMCR, ACR 1409
1707 pnﬁﬂETT7iikaun1thi4YIHN11Yauw1NII!X4HSHIN11Y4HVV1N1HY5HHl!NU{TYaHh151n
1THAIOXSHWBRAX/1IXAHINCH2EX4HINCH2AXERFT/SECLIIXAHINCHIIXAMINCHI3X2R1ALY
AVFT7IF15.5711Y4HUPIH{1YIWMUVET”Y?WSHUUTT?Y3WVMFT“Y‘WFTrﬂrfTYWW“EWTTTFT7 o
INXBHWBARE 1IXAHDPEM/12X3HPSIBX7HLRS/MIN?AXOHFT/SECTIIXARNINCHI2X3HINTIALT
A X ZRF Y X 3HPS 1 /RF 15 S 7 { X BHD TINY P X SHY TXINX SHON INX I IXPRLCTIYEHOPTAT4 - -
5[Fﬂ1X4HWINX11Y4HWGUY13X?HTF/11X4H!NCH!1Y4HINCH11X4H!NCH13Y?HFT1?X3151R
CEHPS T IXANRIRCHLIX4HINCHIIXARTINCHZBFTIS,, S7 T 2XIHTIOT 22X IRT2N 2 IR TN T INTATS -
74H0TOT1“XSNGFTOT10X5HGTTOT11X4HFEF111Y4HFFF?I3(1HY5HDEG R’ 3(*1% 1617
R 4HR/HR)Y/RF15,5 ) - 1618
170R  FOARMAT( 11X4HFEF31?X3HNUF13X2HMT11X?HMC11610
X RN T E X SHMR S 12X SRMC R 2 X SR CR7 22X HN OF G812y SHURST2X SR RS T2y ST a2 ——— —
’lRQ1?X3“LPQ1?X3HL9810X5HSQ FT/8F15 5//) 1424
1700 WIKA = WINA + WIDEL ' e : 1627

'FIGURE D-2 (cont'd)
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IF(WINA -~ WwiMAX)Y 6 , & , 12014 1623
1707 EN = EN + ENDEL v 1824
IF(FN -« ENMAY) 1202.1202 a1203 1625

120% "DYINT= NDTIN « DNDEL oot T e e TTTTARZR ”
IF(DIIN - DNMAX)1204, 1204.1?05 1627
{205 CONTINUE . eU% 1t .
832 cn YO 831 1629
SHBROUTINF TABLE 1630

T NYMERSTION TCTU9,XY  ,72721(9,%Y L,TI9Y » 9 ) . L X L
caMMON C,Z,Y1,Y2,Y3, Y4 .!TPl ITP? 1632

R ol (WWATWTWIW TA®LE o . DR -3 3 S
(od PROGRAM CONSTANTS = SFLECTION 1634
T DETA CCC,77773%1 .0, 35#0,0,1,,2#0,0,1.125,.5,.,75,0,.,2#1.,,,.82,1,,.75,183%
1.75.1..1.5."3.:2..2.0..1.--5a5‘1c10.a1.aﬁ,. ll.ni.o.550.02.100‘“.;4.‘91636

D13 PTE RS- TS £ 201175 S0) Pk SN e R RS L B A A% L IR R UL S PPL PP O L2 T A

Moslesdonlearle/ 1635
R o1 o1 o1 .37 U JE N « 1. T 1639
READ (1TP1,1002) 1,J,K,L 1640
1ANY?  FORMAT(4AT1) XA
WRITE ( 1TP2, 10”5)! JiKy L. 1447

— . g D6 7 /2 e & - & S
no 1 B! = 1,9 1644
C(14yY = CCCtIs, 1) S T - {A4%
1 7¢14)Y = 7772(1%,J) 1£44A

CTTTTTTTURRNYO Z?T*T_»,_S,Ié.IB,!S!.W - ’ o TeRET

18 72(3) = C(4) 164R
1% CANTINCE YRS
IF(Key) 2 .+ 2 » 3 1450

Ty vi =1, o : o o T - Co S 1688 —
Yy? = 0, 1,52
B — T J o B S : T (RSB
3 Yt = 0. 1454
N Ty ey, ' . ' - © {ASR
4 !F(L - 3) 5 [ 5 ] 6 1"5‘
TyTTTTYVY R, ’ R E-X A
véa = 0, 165F
T TTTREYURNT ) 1A50
6 Y3 = N, 1460
TTTVYEeETE Y, U o : o R PN L |
 RFTURM 1662

END

FIGURE D-2 (cont'd)
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FIGURE D-2 (cont'd)

SUBRCUTINE CROUTI(N) 1663
T T DTYMENSTON HO3I)Y L, AUIT, I, EFTCEI?I)"“" ST 1464 B
COMMQON GPACE A H J5%, IJS 1668
R T ERE _ . i _ o S rEEE
nn 200 K=93,N 1667
J=K 16609
T R TEK,N S o R ot
SumM=0.,0 1671
T TTYEUJSTIRLN0 - - - ) _ T
10 1F(1=1)13,13,11 1473
T TFUYSOYET7.17, 71 ) ) oo ’ ’ CTTYRT7ET
17 1SMX=lad 1875
AR TSR TEMY e o RTE
12 SUM=SUNSACIS, 1)8al],18) 1677
R I R NS FD B E - 14U 8 1 111 A ’ B . ST e R £ 41 S
GO TC 100 1679
- '?1’"J§W§:};"j""7 o - o T oT ) - T - o ) - e ) "]‘FHW e
N 22 JS=1, JSMX 1681
22 SUMESUNEAUIS, TY#4UT, gy T - ' LY
23 AU 1)3A(U, 1) SUM 1A8%
{0 CANTINCE : . B X & M
1=K 1AR%
B 200 JeR{ NT 77T T s e e e - {RTE -
Stiv=0.,0 1647
N TTRFU1=1)733,233,231 ’ ’ o 148KR
731 1SMYX=l=t . 1AH9
N 732 1S=T 1SMY s Eak AN
232 SUM=SUMSA(IS, 1)#AalJ,]S) 1691
233 IFTATT, 1) Y350,35¢1,3%n T T T i T i 1R97
- 3%1 atu,1)sn,n 1493
e S e e A oo o } © e eeerggy
IS0 ACJU, 1) (ACJsl) - SUM)'(! AL, L)) 1495
200 CONTINUE ) o B o310
c HAVF CCMPLETED FINDING THE DERIVEN MATRIX 1497
T RA 300 1821,N I A
StiM=n, 0 1499
J8sN=TS231 1700
JS1eUS+1 1701
DA 28T KS=JSq,N ' ' 1707
1F(KS=N)?28D, 280,300 170%
280 SIMz=SIINFA(KS, JS)aHIKS) 17na
300 W(JS)sAUNT, JS) SuUM 170%
N L1 L1 T L I 170A
1Ft2n=-Js8) 302,302,303 1707
IN2 1J8=2 170R
3IN3 RETURN 17929
- FND - 17in



TRW/ EQUIPMENT LABORATORIES

COMPUTER FLOW CHART - ISOTHERMAL DESIGN PROGRAM

READ INPUT
+WRITE INPUT

TABLE

CALCULATE
$ +WRITE OUT

Ts END/
3

GET

AT | COMBINATION
END OF Al »
WINA, N, DIIN

4

ERROR
| MESSAGE

DPLC >0

SOLVE T &
TF MATRIX CrOUT

SOLVET& |

LSC MATRIX CROUT

<E QUATION NO —
ONVERGENT”

WRITE

I"’ OUTPUT

Figure D-3
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SOURCE DECK PRINTOUT
ISOTHERMAL DESIGN PROGRAM

DIMERSTION TOL4) o DERIV(LS»14)»T3(14) »ERROR(14) +DELTAT1I4)»CNST(14) e 2000

LATS(20) o XCGIS(20) o XGIT(20) v CON(9) v TITLE(16) 2001

CobrMOr: 1y 55 THALT » THOXS» ITPL/ITPZ yDERIVYDELTAYCTI V2, C3vTH,THTHy 2002

1 C7r CBeCO9210Z21730240250Z60Z70289299Y10Y20Y30 Y4 2003

iTPL = 5 ’ ' 2004

1Pz = % 2005

1 KEAD (ITPLe6776) TITLE 2006

wielTL (ITP296776) TITLE 2007

o776 FORMAT(16AS) _ ) T T T 5008

W AD ( ITP1,1000)INTS, (XTS(I)+XQIS(I)r XQIT(I)»I=1,INTS) 2009

1000 FORMAT(12/9(3F10.4)) ‘ ' S 2010

READ ( ITPLo1000)PCeTCrEMDTeXIN'DPTOT+TOUTIRrGAMMAY VISV, 2011

IVISLetiFGICLPRHOL»SUFTrEKCrRHOTrRHUF v EKTHIEKF + RHOH» THe FSVeETvEF » 2012
2CVeTL o TAUPELNPOYEMEF s EMETHe TTG 9 ALPHS » ALPHT ¢ DCMIN»DCMAJPELTMN» 2013 B
JELTEX s TIF e RHOIF oW INe WMAX » TFMINS TFMAX oo T T 2014 -

Qo s ITie OMAX P DOEL v EMMIN EIIMAX » ENDEL » WNMIN» WNMAX ¢ WNDEL 2015

100l FURMAT(AFLO.4) ' 2016

caLL TAasLe 2017

FIGURE D-4




1002

WwRITE T T (ITP2¢1002)PCYTC/EMDT ¢ XINsDPTOT s TOUT»Rr GAMMAPVISV2018
Lo VISL#HFG»CL»RHOL » SUFT7EKCsRHOT »RHOF t EKTHs EKF 1 RHOH» THe FSVoET+EF» 2019
2CV e TIive TAUPELNPO ¢ EMEF » EMETH 2020

WRITE (ITP2,8873) TTGeALPHS» ALPHTDCMIN/DCMAJPELTMNe 2021
1eLTMX e TIF o RHOIF o WMIN» WMAX » TFMIN:TFMAX 2022
29 UMINIDMAX P DDEL » ENMIN ENMAX o ENDEL o WNMIN » WNMAX » WNDEL 2023

FORMAT(31H DESIGN PROGRAM IS0 R/C W/SC/+12H FIXED INPUT/+8X2HPC2024
18X2HTC7X3HMDT7X3HXINSXSHDPTOT6X4H TOUT9X1HRSXSHGAMMAGX4HVISV6XUHVIS2025

2L/ 26 X4HPSIASXSHDEG R3XTHLBS/MIN17X3HPSISXSHDEG R6X4HFT/R11X9HLB/FT2026

8873

551
552
553
554
56U
55u

9962

b4

55
7887

9901

3 SECIX9HLB/FT SEC/+8F10.4¢2F10.8/ 2027

4 7X3HHF 6BX2HCLOX4HRHOL6XUHSUF TBX2HKC6X42028
SHRHOToX4HRHOF 7X3HK THAX2HKF 6 X4HRHOH/ » 6XUHB/LBUX6HB/LB F1X9HLBS/CU F2029

6TUX6HLBS/FTIX9HB/HR FT FIX9HLBS/CU FTIXOHLBS/CU FTIXOHB/HR FY FIX93030

7i8/HR FT F1X9HLBS/CU FT/10F10+4/+8X2HTHTX3HFSVAX2HETBX2HEFBX2HCVTX2031
83HT INTX3HTAUSXSH-LNPO7X3HMEF 6 XUHMETH/ » 6X#HINCH3GX6HB/LB FSXSHDEG R2032
Q6XUHLAYS1TXBHPSITX3HPSI/#8F10.492F10.0) 2033
FORMAT (TX3HTTG5XSHALPHS5XSHALPHT52034
1X5HDCMINSXSHDCMAJS XSHL TMINSXSHL TMAX7X3HT IFSXSHRHOIF6X4HWMIN/ » 6X4HI2035
2CH28X 2HF TBX2HF TBX2HF TBX2HF ToXGHINCHIXOHLBS/7CU FTBXZHFT/v10F 104722036
36 X4Hui1AXSXSHTFMINSXSHTFMAX6X4HDMING XSHDMAXE X4 HDDEL 6X4HNMING X4 HNMAX 2037

4o X4HNDELIXTHWIN MIN3IX7HWIN MAX3XTHWIN DEL/»BX2HF T6X4HINCHEX4HINCH62038

SX4HINCHOX4HINCHOX4HINCHIOXUHINCHO XUHINCHOXUHINCH /9 12F10,4//) 2039
WilMAXZWHMAX=.00001 2040
E {MAX=ENMAX=+00001 S o 2041
DitAXZLMAX=e 00001 2042
ISLl = 9 , S - , ) 2043
IF(ELTMN) 5519551, 554 2044
IF (WKL) 5520552, 554 , S o , 2045
IF(TFvAX) 55005532, 554 2046
FEFF = Je4 ' 2047
60 TO 5560 o o T T o 2048
FCFF = J.0 , 2049
IsLl = 1 2050
Colilu)=lez72 * C2 2051
PrWwR = £MDT *DPTOT / (236. * PHOL) ' ' 2052
wiITe (ITP20r9962) PPWR 2053
FORMAT(/8H PPWR 1S F15.8¢3H WP/)Y 777 777 ST 2054
STl = R * TC 2055
$T59 = CL / EKC CoT ' 2056
STEO = 26 / 240 2057
ST81 = 6040 *x EMDT o ' - 2058
ROV = 144,0 * PC / ST1 2059
SUVV = 5.67 * SQRT (ST1 x GAMMA)' - ‘ ’ 2060
ST10 = TOUT * TOUT % TOUT 2061
RAT = 3.0 * ST10 * HFG /7 {(TCxCL*(T7C*TC*TC - ST10)) 2062
ST30 = 160 * VISL * RHOV / (XIN & VISV * RHOL) 2063
00 95 LOOPL = 1,INTS 2064
T5 = ATS(LOOPL) 2065
w1S = XQIS{LOOF1) T o ST T T 2066
wlT = x2IiT(LOOPL) 2067
ulIN = OMIN 4 2068
IF(TS) 555 549 54 2069
TS% = TS * TS * TS x TS 2070
60 TO 7387 2071
TSU = 5.83E+408 * (Q1S * ALPHS / ALPHT + 01T) T T 2072
TS = TS4 *x%x .25 2073
ARITe (ITP2:9961) TS 2074
FORMAT(/7H TS IS F10.1+6H DEG R///) _ 2075

FIGURE D-4 (cont'd)
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» ST11 = 0.5 * DIIN = 7 - s e i 2076
ST58 = EKC / DIIN 2077
£l = ENMIN i 2078
3 wIMA = WNMIN 2079
CON(9)=20.0 * EMDT * CL / EN 2080
STS56 = EN * DIIN . S 2081 i
VIN = 3.06 * EMDT *x XIN / (RHOV * pDIIN * ST56) 2082
IF(VIN « FSV * SOVV) 49 4, S o 2083
5 WRITE(ITP292005) DIINIENsVIN 2084
20US5 FORMAT(5H DIINF1045¢5X1HNF14e5r5XOHVINFL1245¢5X  24HGREATER THAN
1 FSV * 50VV ) ‘ 2086
60 To 91
4 OIHA = 0.5 * DIIN * SQRT (EN /7 ZI) 0 - 2088
ST6 = RHOV * VIM / (12.0 % VISV) 2089
REVIN = ST6 * DIIN 2090
IF(VISV*REVII/VISL=2300.0) 571¢571+572 2091
571 HS5C = 1150 * Y3 x STS8 * (EMDT*ST59/( ST56 ))*%0,4 + 2092
1 V0.0 % Y4 % STSH 2093
6u TG 573 - 2004
572 HSC = 1150 * Y3 % ST58 * (EMOT*STS9/( ST56 ) )*x0.4 + 2095
1 1407 *Y4*STS8x(EMDT/Z(STS6 % VISL ) *%0.8 *x(VISL*ST59)*%0.3 2096
575% CONTINLUE 2097
REIHA = ST6 * UIHA 2098
ST7 = RHOV * VIM * VIN By 2099
WIN = Zo * (18,85 % UCMIN /7 EN = ST11) 2100
wOUT = Z6 * (18485 * DCMAJ /7 EN = ST11) 2101
$T13 = (WIN = RAT % x0UT) /7 (WIN + WOUT) 2102
CSC = Z5 * RAT + 26 *(SORT (ST13 % ST13 + RAT) = ST13) 2103
wIF = (WIN + wOUT % CSC) / (1.0 + CSC) 2104
5T16 = (WIN = WIF) / (WIN + WIF) 2105
ST1S = wiIlh / (wIN + wIF) 2106
EKKL = 25 * (£33 + 26 * (1.0 = 1,666 * ST1S + 0,695 * ST16) 2107
EkK2 = 25 *x 0¢5 + 26 x (1.0 = ST1y + 0.25 % ST16) 2108
EKK3 = Z% * 06167 + 26 * (1,0 - 0,333 # ST15 + 0.,0279 * ST16) 2109
KEV1 = EKK1 * REVIN 2110
KEV2 = EKK2 * REVIN 2111
KeV3 = EKK3 * REVIN 2112
IF(REVL=2000.0) 210, 210, 211 2113
21lu Frl = 64.0/REV1 2114
Gu Tu 22 2115
211 IF(KEVI=4000.0) 212, 213, 213 2116
21e FR1 = 0400277 % KEV1 %% 04322 2117
6o TG 2¢e “2l1s
213 FiRl = 0316 / REV1 ** 0425 2119
PP 1F (REV2=2000.0) 220, 220¢ 221 2120
22U Frr2 = o4.U/REV2 2121
ou Tu 23 2122
22l IF(REV2=400040) 222y 2239 223 2123
ces Frig = 0e0D2T77 % REV2 %% (0,322 -3 -1
Gu Tu 23 2125
223 Fe = 04316 / REV2 *% 0.25 2126
2 1IF(RLV3=2000.0) 230, 230» 231 2127
«3u Fld = H4.U/REVS 2128
Lo TO 24 2129
231 IF(REV3=4000,0) 232, 233y 233 2130
232 Fx3 = 0400277 * REV3 *% (0,322 2131
ue To 24 2132
2dd Fd = Uedl6 / REV3 *x*x 042% 2133

FIGURE D-4 (cont'd)




CoagT T

HCOND=2475%SQRT (CL*RHOL*RHOV*EKC*FR2/VISL)*VINSY14Y4%.5 +

ST23 = 0.00395 * SQRT (RHOV /7 RHOL) *
ST24 = 1.0 = EKK1 * XIN
WEF1 = EKK1 x ST23 % ST24
_.ST25 = 1.0 = EKK2 % XIN
WEF2 = EKK2 % ST23 % ST25
_S126 = 1.0 = EKK3 * XIN
WEF3 = EKK3 % ST23 % ST26
ST27 = 041275 % EMDT / (STS6 * VISL)
KF1 = ST27 * ST24
CRF2 = ST27 * ST25
RF3 = ST27 * ST26

1 (5000, *Y2 + 2000, *xYI*Y3) / EKK2

30
301

3011
3012
due
503

31
311

3111

3112
312
213
32
321
321l
3212

322

'526

2004

&

361

IF(weFl = 3.0) 30+ 300 302
IF(RF1 - 200.0) 301, 301, 302
DR1 = SIRT (ST24 * ST30 / (FR1
IF(HLVI 2000.)3011,3011,3012
Prill = (1.0 + CR1 ) *x 4.0

Gu TU 303

P11l = (0«5 + SQRT (0.25 + DR1
GO TO 303

P11l = (EKK1 * XIN) **(=.75)
IF(RIF2 = 3.0) 31, 31r 312
IF(RFZ - 200.0) 311, 311, 312
Ur2 = SQRT (ST25 % ST30 / (FR2
lF(R&va-ZUOU )3111,3111,3112
Prle = (1.0 + DR2 ) %% 4,4

~ ¥ Yr. 212
05 TGO 313

P12 = (0.5 + SQRT (0.25 + DR2
GO To 313 '

P12 = (EKK2 * XIN) *x%(=.75)
IF(WEF3 = 3.u) 329 329 322
IF(RF3 = 200.0) 321, 321, 322
OR3 = SQRT (ST26 * ST30 /7 (FR3
IF(REV3=2090.)3211+3211,3212
PH].3 = (1.0 + OR3 ) %% 4,

GO To 323

PH13 = (045 + SQRT (0.25 + DR3
6o TO 323

PH13 = (EKK3 * XIN) **x(=.75)
CONTIJUE

* REV1 * EKK1))

)) x% 4,75

* KEV2 * EKK2))

)) x* 4,75

* KEV3 * EKK3))

))

** 4.75

2134

2135

2136

2137
2138
2139

2140

2141

2142

2143
2144
2145

2147
2148
2149
2150
2151
2152
2153
2154
2155
2156
2157
2158
2159
2160
2161
2162
2163
2164
2165
2166
2167
2168
2169
2170
2171
2172
2173
2174

WiSARL = 040833 # 25 * EN * (2.0 * WINA + DIIN) + 3,14 * DCMIN * 262175

UPIH = 0.000103 x ST7 * WBARL / (KEIHA ** (.25 % DIHA * Z1)
LPLC = DPTOT -~ DPIH + ST7 / 9260.0

IF(DPLC) 79708

WRITE(ITP202004) DIINsENsWINAYDPLC

FORMAT(SH DIINF10.5¢5X1IHNFI45¢5X4HWINAFLL,505X

1440PLCIFL11. S'SXvSHNEGATIVt)
60 To 895

ELC = PPLC * DIIN % 2320.0 / (ST7 x (PH11 * FR1 % EKK1 * EKK1 +
1Prl2 x FR2 *x EKK2 x EKK2 + PHI3 * FR3 * EKK3 * EKK3) )

ELSC = ELC / CSC
ELT=ELC+ELSC

APS 0.261 * 22 *5156 *ELT
IFILTTG) 37
TT = 17156
TTX = TTG
G0 To 371

361 T

FIGURE D-k (cont'd)
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2177
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2179
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2196
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37 TT = 3.31 % (AP '+« TAU 7 ELNPO) #% §.2% 7 (RAOT*EMETH*EMETHY ¥% . 16662200

371 OOIN = DIIN + 240 * TT B - 2201
QTUB=0+2857E=00%22%EF *DOIN*EN*ELC* (TC*TC*TC*TC=TS4) 2202
STHO0 = DOIN / 2.0 o o N 2203
FACT1 = DIIN * ELC 2204
FACTZ = 1.0 / (24,0 / (HCOND * EKK2) + (DOIN - DIIN) / EKTH ) = 2205 _
FACT3 = (DOIN = DIIN) / (DOIN + DIIN) 2206
FACT4 = EKTH * ELC B S 2207
FACTS = DOIN * ELC 2208
FACT8 = FACT1 * FACT2 S 2209
FACTY = FACT3 * FACT4 2210
CHST(L) = 1.394 * C1 * FACT8 * T( + 1,495E-10 * 23 % C7 * FACTS 2211
1 *x ET * 154 T ‘2212
CST(2) = 04348 * C3 * FACT8 * TC + 0.238E-10 * Z4 * C5 * FACTS 2213
1 x EF * TS4 2214
CIST(7) = 2040 * EMDT / EN * (XIN * HFG + CV #* (TIN = TC) ) 2215
1 - 0,697 * FACT8 * TC * (2.0 * C1 + C3) 2216
TRML = + 1.394 % C1 * FACT8 + 1.7 % C2 * FACTO 2217
TRM2 = 1.7 * C2 x FACTO 2218
TXMY = + 0348 * C3 % FACT8 + 0.85 * FACT9 * C2 2220 *
TikM6 = +04238E=10 * 24 * C5 x EF x FACTS 2221
TM12 = 0.697 * FACTS A 2222
CON(1)=DIIN / (24.0 / HSC + (DOIN ~ DIIN) 7/ EKTH ) 2223
Cori(e)=C2 * EKTH * (DOIN = DIIN) / (DOIN + DIIN) , 2224
LiUE = 432.0 * (1,4356=04 * ST7 = DPLC) 7/ (RHOL * ELC) 2225
5739 = 25 * WINA 2226
WINX = ST39 + 26 % (18485 * DCMIN / EN = ST40) 2227
WOUX = ST39 + 26 * (18.85 * DCMAJ / EN = ST40) 2228
IF(WMAX) 4le 41 4o 2229
40 STORE = 0.0833 * EM * ( 2.0 * WINX + DOIN) 2230
IF(STORE-WMIN) 402, 401» 401 - T 225
403 IF(WNAX = STORE) 402, 41, 41 2232
40z  wRITE(ITP2,2002) GIINIEMewINA»STORE 2233
2002 FORMAT(5H DIINFLl0eS»SXIHNF145eSX4HWINAFL1,595X
11neri4.5¢5Xe12HOUT OF RANGE ) 2235
GO Tu A’9 2236
41 WIFX = (WINX + WOuX x CSC) /7 (1.0 + Csc) o T ‘2237
IF(CY) 469 42+ 46 2238
42 ST42 = DOIN / (WINX + WIFX) ' ) 2239
STOREZ (WINX+WOUX) /DOIN *
FI1SP = 1.0 + 2,0 * STORE ‘ 2241 *
riSP = ATAN (SQRT (F1SP*F1SP=1.0)) / 2.0 2242
F15P=1.0366% (1, +STORE* (1.=-SQRT (1./5TORE+1.)) + FisSP)’ T ’ %
F3SP = SURT (0.1 * STY42 + 0.0025) /7 (2.0 * ST42 + 0.1) + SQRT 2244 *
1 (3ecsU3 + 3,9 * ST42) / (200 * STL&Z + 3,9) 2245
F4SP = SOQRT (0.4 * ST42 + 0.04) / (2.0 * ST42 + 044) + SQRT 2246
1 (3ecu + 3.6 % STU2) / (2.0 * STUs + 3.6) 2247
FOSP = SGRT (0.9 % ST42 + 0,2025) / (2.0 * ST42 + 0.9) + SQRT 2248
1 (2e403 + 3,1 % STY2) / (2.0 * STu2 + 3.1) o 2249
FoSP = SORT (1.6 % STU2 + 0.64) / (2.0 * ST42 + 1.6) + SGRT 2250
I (1eh4 + 244 % STU2) / (2,0 * STU2 + 2,4) 2251
46 IF(CS = 140) S0¢ 4619 50 2252
4ol IF(23) 47» S0e 47 2253
47 ST46 = DOIN /7 WINX o o 2254
FLSP=U.3183%(0,2148+ATAN (4. %WINX/DOIN +14)) ' *
5T47 = ST46 * SThe 2256 *
F3SP (0405 * ST46 + 0.0025) / (0.1 * ST46 + 0.005 + ST47) + 2257
1 (34603 + 1495 * STU6) / (7.606 + 3.9 * ST46 + ST47) 2258

FIGURE D-4 (cont'd)
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F4SP= (. 2%5T46+.04) /( 4*STU6+, 08+STHT) +

1 (3624 + 1.8 % STU6) / (6,48 + 3.6 * ST46 + ST47) 2260
FS5SP = (0445 * STU6 + 0.2025) 7 (y.9 * ST46 + 0.405 + ST47) + 2261
1 (z.uus + 1,55 % _STY6) / (4.806 + 3.1 * ST46 + ST47) . 2262
FOSP = (0¢8 * STUG + (e64) / (1.6 % STUG + 1.28 + ST47) + 2263
, 1 (1.44 + 1.2 % STy6) / (2,88 + 2.4 * ST46 + ST47) 2264
50 IF(C5 = 2.0) 51r 512, 51 2265
51 IF(CS5 - 1.0) 52+ 511, 52 o e 2266
511 IF(Z3) 52» 512, 52 2267
512 F3SP = 1.0 B - _ 2268
FISP = 1.0 2269
F4SP = 1.0 o . 2270
T FSSP = 1.0 - T o ST e VY4 O
FaSP = 1.0 _ , 2272
5 w2 = (WINX + WIFX) / 2.0 2273
IF(ISL1)56+569555: ) ) S , , 2274
55% STSS = (2.1E+11 * EMDT * (XIN * HFG + CV * (TIN = TC)) = QTUB) 7/ 2275
1(( WINX+WOUX) *EL CXEF*Z2*EN* (TCHTCATCHTC=TSH)) 2276
TIF(STHS = 1.0) 556, 557 557 N VX &
556 IF(FLFF = STS5) S6¢ S6¢ 557 - B , 2278
557 aRITE(ITPZ92001) DIIHsEMewINA»STSH 2279
20Ul  FORMAT(5H DIINF10.5+,5X1HNF14.505X4HWINAFL11,5¢5X
14+FEFF»F11.5¢5X»12HOUT OF RANGE ) 2281
6o To 89 . o e 2282
56 FACTe = ELC * EKF / w2 2283
FACT7 = 22 * C2 *x EF % ELC * w2 2284
TRM3= 1.495E=10 *Z3 *C7 *xFACTS *ET *F1SP
STORE = FACT7 x TS4 S 2285
CiST(3) = 0.95%E~-11 * STORE * (C6 + F3SP) 2286
CuSTHM) = 1.96-11 x STORE * (C6 + FusSp) 2287
CiSTI(H) = 2.85E-11 x STORE * (€& % F55P) ' o 2288
CST(o) = 3.8E=11 % STORE * (C6 + F6SP) , 2289
TRMS = 65.67 * FACT6 2290
TRM7 = 4+0.95E=11 * FACT7 % (C6 + F3SP) 2291
TRMB = +1.9E~11 * FACT7 * (C6 + Fu4SP) 2292
THN9 = +2.A5E=11 * FACT7 * (C6 + F5SP) 2293
TMl0 = 04952 * FACT6E ) i 2294
TRMLI1l = +3.8E=11 * FACT7 * (C6 + F6SP) 2295
N =T 2296
T(7)=.01 2297
InSRz=gZ 2298
GO TO 98 2299
6741 T(7)=.1 ' ) 2300
1+.5R=3 2301
6u TO 93 2302
6743 T(7)=.001 2303
1:SR=¢ 2304
498 T(1)=1C=-10. 2305
T2)=T(1)=-5, ' ’ ' 2306
UJ 99 [=3r0 2307
29 T(I)=T(I~1)=30, ) 2308
Ju5=¢ 2309
DO 100 [=1.7
T3I(I) = T(I) * T(I) % T(I) 2311
DO 1006 J =17 ’ ) 2312
100 LDERIVIJeI) = 0.0 2313
11111 1..DXs = 1 2314
DERIV(1e1) = ~TRML - 4.0 * TKM3 * T3(1) 2315

FIGURE D-4 (cont'd)
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FIGURE D-l (cont'd)

DERIV(2,1) 2 TRMZ ™ = 70 T e T T 2316
DERIV(1,2) = DERIV(2+1) / 2.0 2317
DERIV(2+2) = =TRM4 = TRMS5 * T(7) = 4.0 * TRM6 * T3(2) 2318
UERIV(392) = TRMS * T(7) ) 2319
OERIV(7+2) = TRMS * ( T(3) = T(2) ) 2320
STORE = FACT6 * T(7) L 2321
DERIV(2¢3) = 6,67 * STORE o 2322
DERIV(393) = =8489% STORE = 4.0 * TRM7 * T3(3) 2323
DERIV(4+3) = 2,22 * STORE 2324
DERIVI7¢3) = (6e67 * T(2) = 8489% T(3) + 2.22 * T(4)) * FACT6 2325
DERIV(3s4) = DERIV(4¢3) 2326
DERIV(4o4) = =3.554 % STORE = 4.0 % TRM8 * T3(4) 2327
DERIV(5.6) = 1.334 x STORE ' ST e - X.7-1: S
DERIVITr4) = (2.22 % T(3) = 3,554 % T(4) + 1,334 * T(S) ) * FACT6 2329
DERIV(4¢5) = DERIV(S,4) 2330
UDERIVI5S) = =2.286 % STORE = 440 * TRMG * T3(5) 2331
UERIV(6¢5) = 0,952 * STORE 2332
DERIVI795) = (1334 % T(4) = 2.28p * T(S) + 0,952 % T(6) ) * FACT62333
DERIV(Ss6) = TRM10 * T(7) 2334
OERIV(6e6) = =TRMLIO * T{(7) = 4.0 * TRM11 * T3(6) 2335
OERIV(T¢6) = TRM10 * (T(5) = T(6)) h 2336
DERIV(197) = 2.0 % C1 * TRM12 2337
UERIV(2¢7) = C3 x TRM12 - 2338
ERROR(1) = CNST(l) ~ TRM1 % T(1) + TRM2 * T(2) = TRM3 * T3(1)*T(1)2339
ERROK(2) = CHST(2) = TRMG x T(2) + TRMS * T(7) * (T(3) = T(2)) 2340
1 = TRME * T3(2) x T(2) + TRM2 * T(1) / 2.0 2341
ERROK(3) = CNST(3) + T(7) # FACTE % (6.67 * T(2) -~ 8.89% T(3) + 2342
1 2.2z % T{4)) = TRM7 * T3(3) *x T(3) , 2343
ERKOR(4) = CNST(4) + T(7) % FACTH * (2.22 * T(3) = 3.554 % T(4)+ 2344
1 14334 %= T(5)) = TRM8 * T3(4) *x T(4) 2345
ERROR(5) = CNST(S) + T(7) * FACTG * (1.334 x T{4) 2,286 * T(5)+ 2346
1 952 * T(6)) = TRMY * T3(5) * T(5) 2347
EAROR(6) = CHST(6) + TEM10O #* T(7) % (T(5) = T(6)) = TRM11 * T3(6) 2348
1 « Ti(b) 2349
ERKOR(T7) = ClST(7) + TRM12 * (2.0 * C1 * T(1) + C3 * T(2)) 2350
WrRITE (ITP2+e8765) ERROR(7)»CNST(7)»TRM12 *N
pu 701 I = 1N S ' B 2351 '
CERIV(H+10I) ==ERROR(I) 2352
CALL CROUT 2353
6U TU (L4r6742) 0 I1DXS 2354
GU TO (B741e6741r6T743010) 2 INSR 2355
W ITECITP29200GC) LILiirENewINA 2356
FORMAT(5H DILINeF10e59SXIHNF14.5eBAGHWINAF11.595H i 2357
1 HUHCUNDENSER EQUATIONS NOMCONVERGENT AFTER 20 TRIES ) 2358
oo To 89 2359
U To 11111 2360
Do lul 1T = 1.7 2361
T(1) = T(I) + CELTA(D) 2362
To0I) = T(I) % T(1) * T(I) ) h 2363
DO 1ul J T1e7 2364
LERIVEUPD) = 0.0 2365
IF(ALS (DELTA(7))=.0001)800+600004,000 2366
DU BUL I = 146 2367
IF(ALS(DELTA(I))  =1.)801+6000,6000 2368
CONTINNUE T 2369
TF = 1(7) 2370
LF(TFRAX + TEMIMN) 110» 109, 110 2371
IF(TFVAX=TF) 108Rs 107+ 107 2372
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107 IF(TF-TFMIN) 108, 109, 109 2373
108  WRITE(ITP2,2006) GIINIENeWINAPTF o _ 2374
20U6 FORMAT(5H DIINF10.5,5X1IHNF14.5¢SX4HWINAFLL,5,5X
12HTFeF134505X2 12HOUT OF RANGE ) S 2376
G0 TO 89 2377

109 QTOTC_= STB1 *(XIN * HFG + CV * (TIN = TC))
QTTC S{4.485E-10 * F1SP %23 * C7 % FACTS *ET #(T3(IT#T(IT
1 - TS4) + 1.42BE-10 * 24 * C5 % EF * FACTS * (T3(2)*T(2)
2 = TS4)) *EN
QFTC = QTOTC = QTTC

FEFC = 17.5E+08 * QFTC / (EN * ELC * EF * Z2 * w2 « 2379
1 T()*T(2)#T(2)4T(2) = TS4) ) 2380
We = (3.0 * WIFX + woUX) 7 &0 ~ - o T 2381
W45 = (WIFX + WOUX) / 2.0 o 2382

WRITE (ITP2+8765) T+DELTA+ERRORYHCOND F1SP

8765 FORMAT(/7E15.8) - o o ,
ol IF(Ze = 1.0) 65 611 65 e N 2384
611 ST61 = DOIN / W45 2385
STORE = (WIN+WQUT)/DOIN ; o v 2386
FSISP = 1.0 + 2.0%STGRE 2387
FS1SP = ATAN (SQRT (FS1SP*FS1SP=1.0))/2.0 o 2388
FSlSP:.b366*(1 +STORE*(1.=SQRT (1,/STORE+1.)) + FS1SP)
FS3SP = SGRT (Ge05 * ST61 + 0.0025) / (ST61 + 0.1) + SQRT 2390
1 (3.803 + 1.95 * STH1) 7/ (STl + 3,9) 2391
FSUSP = SGRT (0.2 * STEL + 0.04) / (STAl + 0.4) + SQRT 2392
1 (3.24 + 1.8 * STel) 7/ (ST61 + 3.6) 2393
FS55F = SGRT (Ue45 * ST61 + 0.2025) / (ST61 + 0.9) + SERT 2394
1 (24403 + 155 * ST61) 7/ (ST6l + 3.1) 2395
FS6SKE = SORT (08 * ST61 + 0.64) 7 (STEL + 1.6) + SQRT 2396
1 (Yeud + 1.2 % STol) 7 (8761 + 2.4) T o 2397
6o TU 6B 2398
05 F535F = F3SP 2399
FS1SE = F15P ) 2400
FS4SP = F4SP 2401
FSS5SP = F5S5P 2402
FS6SP = F6ASP ‘ ‘ ’ o S 2403
6o T(14)=1.2%FLSC 2404
LAP= +4x (TC=TOUT) 2405
T(1)=1C=2AP 2406
DO 7000 I=1e6 ’ 2407
T(I+1)=T(I)=ZAP 2408
7000 T(CI+7)=T(I+1)=2ApP ' ‘ ’ . 2409
1.4SR=1 2410
7003  us5=¢ ’ o 2411
0O 2061 I = 1,13 2412
ZAP=1] 2413
IF(IILSR=1)7002, 700107002 2414
7002 TUI)=TC=5.%ZAP T R R 2415
7001 T3(I)=TCI)*T(I)*T(I) 2416
CHSTH(I) = 9.0 o 2417
D0 201 J = 1915 2418
VERIV(Jrl4)=0.0
201 DERIV(JrI) = 0,0 2419
28T = CON(9) * (3.0 * TC - TOUT) s o ’ ' 2420
CusT(e) = =2.0 * CON(9) = Tour 2421
CON(3)=TF * EKF / w4 2422
CON(LH)=22 * C2 * EF * w4 2423

FIGURE D- (cont'd)
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CONISY=TE + EKE / 5 o S
COMN(6)I=Z2 * C2 * EF * W5 2425
CuN(T7) = 22 x C2 * EF * WS T ' T 2h26
TRM13 = COM(1) * (2,092 * C1 + 1.046 * C3) 2427
TRM14 = 1,122E-10 * 23 * C7 * ET * DOIM * FS1SP 2428
TRM15 = 04357E-10 * 24 * CS5 * EF x DOIN e 2429 _
TRM16 = 041428F-10 * COM(4) * (Cé6 + FS3sp) 77 2430
TRM17 = 0.28%E-10 * CON(4) * (C6 + FS4SP) ) 2431
TM1E = 0.428E-10 * CON(4) x (C6 + FSsSP) 7 7 - 2432
TAM19 = 0457E=10 * COMN(4) * (C6 + FS6SP) o 2433
TM20 = TRM14 2434
TrM21 = TKRM15 2435
TRM22 = 0+1428F~10 * CONU(7Y % (CH® + FGIGP) ~~~ ™ = 2436 T
TRM23 = 0.285E=10 % CON(7) # (C6 + FS4SP) 2437
TRM24 = 0.428BE=10 * COMN(7) * (C6 + FS55P) 2438
TRM25 = 0657E=10 * CON(T7) * (C6 + FS6SP) 2439
Js5 = 0 2440
INDXS = 1 ‘ o ) S 241
N = 14 ' 2442

22222 VERIV(191) = =2.0%CON(Y) = TRM13 % T{(1iu) 2443
ST2 = C1 * CON(1l) #* T(1u) 2444
DEFIV(2¢1) = 24092 * C1 * CON(1) » T(14) 2445
DERIV(391) = 1.046 * C3 * CON(1) * T(14) 2446
DERIV(14r1) = =CON(1) * (2,092%Cl%( T(1)=T(2)) + 1.,046%C3 * 2447

1 ( T(1) = T(3)) ) 2448
DERIV(1e2) = 1,046 % ST2 2449
DERIV(292) = =CERIV(1¢2) = T(1U4) % ( CON(2) * 1,272 + 2450

1irMIG *x T3(2) * 4,0 ) 2451
DLREIVI392) = 1.272 % CON(Z2) = T(1y) 2452
UERIVI1402) = 1.046%C1*CONC1I*( T(1)=T(2) ) =1.272 * CON(2) = 2453

1 ( T(2) = T(3) ) -« TRMI4 x ( T(2) = T3(2) - T&&'y -~~~ — 7~ 2454
LERIV(103) = 0,523 % C3 * CON(1) % T(14) 2455
DERIV(Z2+3) = DERIV(3,2) 2456
DERIVI393) ==T(14) * (0.523 * C3 % CON(1) + 1.272%CON(2) + 2457

1 100 * CON(3) + TRM1S * T3(3) * 4,0) ) 2458
DERIV(4e3) = 100 % CON(3) * T(14) 2459

LLRIV(1493) = CON(L) * 0.523 * C5 *(T(1) = T(3)) + 1.272 % CON(2)2460
1« (T(2) = T(3)) = 10,0 * CON(3) * (T(3) = T(4)) + TRM1S * (TS4 = 2461

2 T3(2) % T(3)) 2462
CERIVE3s4) = 1040 % COM(3) * T(14) 2463
prhIV4r4) ==(13.33 * CON(3) + TRu16 * T3(4) *x 4,0 ) * T(14) 2464
DERIVIS»Y) = 3,33 % CON(3) * T(14) 2465
DERIV(14r4) = CON(3) * (10.0 * TC5) = 13.33 x T(4) + 3,33 % T(5)) 28466

1 + TRiZ16 * (TS4 = T3(4) % T(4)) 2467
OERIV(495) = DERIVI(Sel) 2468
DERIVIS595) = =T(14) * (533 % CON(3) + TRM17 * 4,0 * T3(5)) 2469
DERIVI69S) = 2,0 * CONI3) * T(14) 2470
DERIVE1495) = CON(3Z) * (3433 * T(4) = 533 x T(S) + 2.0 * T(6) ) 2471

1 ¢ TRMI7 ¢ (TS4 = T(5) * T3(5)) ' o 2472
DERIVISeD) = DERIV(BeS) 2473
GIRIVI616) = =T(14) * (3,428 * CO,(3) + TRM18 * 4.0 *T3(6))2474
UeKIV(796) = 1,428 % CON(3) * T(l4) . 2475
URRIVO1490) = CON(3) * (2.0 *(T(5) = T(6)) + 1.428 *(T(7) = T(6)))2u476

1 + TreilB * (TS = T3(h) * T(6)) S o 2477
UERIV(07) = DERIV(T7r6) N 2478
UURIVIT97) = =T(14) % (14428 % COIL(3) + TRM19 * 4.0 * T3(7) ) 2479
LERIVIL497) = 1,428 % CON(3) * (T(g) = T(7)) + TRM19 = 2480

1 (TS4 = T3(7) = T(7)) 2481

FIGURE D-4 (cont'd)
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ST,

DERIV(1¢8) = 2,0 * CON(9) = CON(1) * T(14) = 2482

_ 1 (06973 * C1 + 00,3487 * C3) 2483
DERIV(8¢8) = 0.,6973 * C1 * 3.0 * CON(1) * T(14) 2484

— __DERIV(9¢8) = 00,3487 * C3 * 3.0 * CON(1) * T(i4) 2485
DERIV(1498) = ~CON(1) * ( 046973%C1 * (2.0%xTOUT+T(1)~3.0%T(8)) + 2486

1 0e3487%C3% (2,0*TOUT+T(1)=3,0%T(9)}) ) 2487
DERIV(1+¢9) =  0.3487 * C1 x T(14) » CON(1) 2488

_ DERIV(8¢9) = = T(14) * (1,046 * C1 * CON(1) + CON(2) *= 1,272 2489

1 + TRM20 * 4.0 * T3(8) ) 2490

~_ DERIV(9+9) = DERIV(3:2) 2491
DERIV(14+9) = CON(1) #* (0.3487 * C1 * (2.0 * TOUT + T (1) = 3.0 * 2492

1 T(8))) +CON(2)%1.,272 *(T(9)=T(8))=TRM20* (T3(8)%T(8)=TSH4 ) 2493
DERIV(1,10) = 0.1743 * C3 * CON(1) = T(14) 2494

_ __ _DERIV(8,10) = DERIV(3,2) 2495
"DERIV(9+10) = =T(14) % (0.5229 * C3 * CON(1) + 1.272 * CON(2) 2496

.1 + 10.0 * CON(5) + 4,0 * TRM21 * T3(10) ) 2497
DERIV(10,10) = 10.0 * CON(5) = T(14) 2498

DERIV(14+10) = CON(1) * 0.1743 % C3 * (2.0 * TOUT « 3.0 * T(9) 2499
1+ T(1) ) +# 1.272 * CON(2) * (T(8) = T(9)) + 10.0 * CON(S) *(7(10)2500

2 - T}?ll_iA_M_ TRM21 * (TS4 = T3(9) * T(9) ) 2501
DERIV(G,11) DERIV(10,10) 2502

_ DERIV(10s11) --7(14) * (13.33 * CON(5) + 4,0 * T3(10) * TRM22) 2503
DERIV{11,11) = 3.33 % CON(5) * T(14) 2504

o DERIV(14¢11) = 10.0 * CON(5) = (T(9) =T(10) ) + 3.33 * CON(5) 2505
1 (T(11) = 7(10) ) + TRM22 = (TS4 - T(10) = T3(10) ) 2506
 DERIV(10r12) = DERIV(11,11) 2507
DERIV{I1,127 = =T(14) * (5.33 *= CON(5) + 4,0 * TRM23 = T3(11) ) 2508

o DERIV(12,12) = 2.0 x CON(5) * T(14) 2509
T DERIVU1412) = CON(S) * (3.33% T(10) = S.33 * T(11) + 2.0 = 2510

1 T(12)) + TRM23 =* (TS4 = T3(11) = T(11) ) 2511
DERIV(1I1+13) = DERIV(12s12) 2512
DERIV(12¢13) = =T(14) *x (3.428 * CON(5) + 4.0 * TRM24 * T3(13)) 2513
DERIV(I3,13) = 1.u28 x CON(S) = T(14) 5514

B DERIV(14+13) = 2.0 * CON(5) % (T(11) - T(L2)) +1.428 * CON(5) * 2515
1 AT(13) - TU2)) + TRM2G * (TS4 - 73(12) * T(12N) 2516
DERIV(12s14) = DERIV(13113) 2517

T DERIVIIZIWY =TI (1.%28 * CON(5) # 4,0 ¥ TRM2S * T3(I37] 2518
DERIV(14,14) = 1.428 * CON(S) * (T(12) - T(13)) + TRM25 * (TS4 - 2519

TTTTTTTLOTIUEY F T3 ) 2520
ERROR(1) = CON(9) * (3.0%TC=TOUT=2.0 * T(1)) = CON(1l) = T(14) *x 2521
T T U 2.092%CI*TU T =T(2) ) + 1.046 x C3 x (T(1J - T(3Y Yy 2522
ERROR(2) = T(14) *x (1,046 * C1 * CON(1) * (T(1) = T(2)) + 1.272 * 2523
TTTTTTTTTT CONTZY ¥ (TU3Y = TU(2)Y) ¥ TRMIG ¥ (T1SG = T(27 * T3(2)70 ) 2524
ERROR(3) = T(14) * (0,523 * C3 * CON(1) * (T(1) = T(3)) + 1.272 * 2525
TTTTTUTCONT2Y ¥ (TIZ2Y = T(3)) 4+ 10.0 * CONU3) * (T(4) =~ T(3)) # TRMIS ¥ 2526
2 (TS4 = T3(3) * T(3)) ) 2527
TUTTERROR (G S TULG) % (1040 * CONUIT % (T(3) = TIG)) + 3.33 % CON(3) 2528
1 % (T(5) = T(4)) + TRM16 * (TS4 = T3(4) * T(4)) ) 2529
T T ERRORTBY T TT14Y * (3.33 *# CON(3Y # (T(G) = T(SJ) + 2.0 ® CON(3) #2530
1 (T(6) = T(5))+ TRMLI7 * (TS4 = T3(S) * T(5)) ) 2531
" TERRORTG) =T TUI4) % (2.0 * CON(3) * (1(5) = T(6)) + 1.428 * CON(3)Y 2532
1 x (T(7) = T(6)) + TRM1B * (TS4 - T3(6) * T(6)) ) 2533
" ERRORT7) T T(14)Y % (1.428 * CON(3) * (T(6) = TUT)) + TRMIO * (1S4 2534
1 - T3(7) = T(7)) ) 2535
TERRORT8Y = 2.0 % CON(9) {T{IT = TOUT) - T(IG) * CON(1Y = 2536
1 (0-6973*C1*(2 O*TOUT+T(1)-3 o:r(a)) + 0.3487*C3*(2.0tTOUT#T(1) 2537
T 2 = 3.6*sT{9)Y Y T T 2538

ERROR(g) = T(l#) * (CON(1) = 0,387 = C1 % (2.0 = TOUT ¢ T(1) = 2539
FIGURE D-4 (comt'd)
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2 1T3(8) x T(8)) )

oy e E T TB) ) ¥ CONTEY ® Te272 ¥ (T(9T = T(BIT ¥ TRM2U ¥ (15& = 2500

2541

“ERROR(10) = T(1%) % (CON(I) % 0.1743 % C3 * (2.0 % TOUT = 3.0 *

1 T(9) + T(1)) + CON(2) * 1.272

T 2542

* (T(8) =~ T(9)) + 10.0 *CON(5)2543

2 % (T(10) = T(9)) + TRM21 * (TS& = T(9) * T3(9)) ) 2544
__ ERROR(11) = T(14) * (10,0 * CON(5) * (T(9) = T(10)) + 3.33 *CON(5)2545
1 = (F711) = T(10)) + TRM22 = (TS4h = T13(10) = T7(10)) ) 2546
~ ERROR(12) = T(14) * (3+33% CON(5) * (T(10) = T{11))+ 2.0 * CON(5)2547
1 % (T(12) = T(11)) + TRM23 % (TS4 - T3(11) =* T(11)) ) 2548
)  ERROR(13) = T(14) * (2.0 * CON(S5) » (T(11) - T(12)) +1,428 *CON(5)2549
1 % (T(13) = T(12)) + TRM24 » (TSh - T3(12) * T(12)) ) 2550
: ERROR(14) = T(14) % (1.428 * CON(S) #* (T(12) = T(13)) + TRM25 * 2551
Tt T TS S T TITIIT R TT AT T T — 2552
: CAl=  TF * EKF  * w45 / T(14) * .001389 _ _. 2553
DG 7012 1 = 4,7 2554
A2 =1 -3 - - B 2555
A2ALl = A2 * Al 2556
DERIVI(Iel) = DERIV(I,I)= A2A1l 2557
"DERIVII+6¢1Y = DERIV(I+6,I) + AZAl 2558
DERIV(I+6¢I1+47) = DERIV(I+691+47) = A2AL 2559
DERIVITII+T7) = DERIVIINI+T) ¥ TA2AY 7 " 2560
A3 = A2A1 /7 T(14) * (T(I) = T(I+6)) 2561
DERIV(14»I) = DERIV(14I) + A3 T e T 2562
 DERIV(14,I+47)= DERIV(1491+7) = A3 2563
"ERRORI{T) Z ERROR(I) = A3 » TUILY ™ ~ T o TTTTITTTTTTTT2564
7012 ERROR(I+7) = ERROR(I+7) + A3 * T(1i4) 2565
Al = (DOIN * DOIN = DIIN * DIIN) * EKTH / T(14) 2566
A2 = .00363 * Cl * Al 2567
A3 = .00182 * C3 x Al 2568
DERIV(2,2) = DERIV(292) = A2 2569
DERIV(8¢2) = DERIV(8y2) + A2 - IR -1 Y 4|
A4 = (T(2)= T(8)) *x A2 2571
DERIV(14.2) = DERIV(14:2) + A4 /7 T(1W) - 2572
ERROR(2) = ERROR(2) - A4 2573
DERIV(2¢9) = DERIV(2:9) + A2 2574
DERIV(8¢9) = DERIV(B:9) =~ A2 2575
DERIV(14+9)= DERIV(1I4,9) =~ A4 /7 T(14) 1% { )
ERROR(9) = ERROR(9) + A4 2577
DERIV(3+3) = DERIV(3+3) = A3 2578
DERIV(9¢3) = DERIV(9¢3) + A3 2579
Ab = (T(3) = T(9)) x A3 2580
DERIV(1493) = DERIV(1493) + A4/T(14) 2581
ERROK(3) ~ = ERROR(3) = A4 7 - 2582
DERIV(3,10) = DERIV(3,10) + A3 2583
DERIV(9¢10) = DERIV(9,10) = A3 2584
DERIV(14+10)= DERIV(14910) = A4 / T(14) 2585
ERROR(10) = ERROR(10) + A4 2586
} DO 702 I = 1N 2587
702 DERIVIN+1+1) =-ERROR(I) - o T 2588
CALL CROUT 2589
GO TO (2897005) »INDXS 2590
7005 GU TO (7006¢7007¢9753) ¢ INSR 2591
7006 I1SR=2 2592
T(14)=1. 2593
60 TO 7003 T o 2894
7007 INSR=3 2595
T(14)=5. 2596
G0 TO 7003 2597

FIGURE D-4 (cont'd)
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9753 WRITE (ITP2+9754) DIIN 'EN ¢ WINA 2598
9754 FORMAT(5H DIIN/F10.5¢SX1HNF14+5+5X4HWINAFL1,5¢5X 2599
1 S50HSUBCOOLER EQUATIONS NONCONVERGENT AFTER 20 TRIES ) 2600

60 TO 89 B 2601 -
204 GO TO 22222 2602
28 DO 207 I = 1,14 2603
T =TT + DELTA(D) 2604
T3 = T o+ T+ T 2605
" DO 207 J =1.1% 2606
207 DERIV(J»I) = 0,0 2607
IF(ABS (DELTATIZ))=~,01) 802,204,204 2608
802 DO BO3 I = 1,13 2609
T T TTTIFUABSIDELTATI) T =1.) 803,204,200 2610
803  CONTINUE 7 o 2611
206 ELSCX = T(14) I ) 2612
ELTX = ELC + ELSCX 2613

ENPG = 144, / (RHOL *ELSCX)* (ST7/9260.=DPLC)
IF(ELTMX) 3636935

”““35"””“TET€ETY'-ELTMN)352.3§ITS§T
351 IF(ELTMX=ELTX) 352,36 ¢36 e _
352 WRITE (ITP2,2003) DIIN/EN+WINAIELTX
2003 FORMAT(SH DIIN/F10+5¢5X1HNF14¢59rSXUHWINAFLL +SsSXIHLTXF13.50
‘1 SX12HOUT OF RANGE )
... _60.70 89 o
36 IF(TTG) 2063,2063r2064
2063 TTX = TT * (ELTX * DOIN / (ELT * QIIN)) **0,25 = 27 *= C9 *x TF / 2615

1 (RHOT # EMETH * EMETH / (RHOF * EMEF x EME?)) *x 0.1666 2616
2064 DOINX = 2.0 * TTX + DIIN 2617
" wWHRIX = 0.0833 % 25 x EN * (2.0 * WINA + DOINX) + 3.14 * Z6x DCMIN26i8
~ WBREX = 25 * WBRIX + 3.14 % 76 * DCMAJ 2619
TUBY72 = DIINx DITIN T T 2620
EMT = 0,00545 * RHOT * (DOINX * DOINX = ST72) * (EN * ELTX+ WBREX)2621
ST73 = ELTX = (WBRIX + WBrEX) | 2822 )
ST79 = 25 * WINA B 2623
WINXX = ST79 + STB0 * (37.7 * GCMIN /EN = DOINXD 2624
WOUXX = ST79 + ST80 * (37.7 * DCMAJ /EN -~ DOINX) 2625
"EMF = 0.0138B8 * (3,0 % RHUF'"“TF““CB"“ST73‘?‘EtTY"‘“15r““‘—“““2626‘"—‘““
1 0+5% (WINXX+WOUXX) * (1.0 = C8)) 2627
EMIF = 0.0417 x RHOIF * TIF * ST73  ~ ' 2628
DIINH = 1.414 * DIHA 2629
 ST75 = DIHA + 2.0%xTH ' T 1
EMIH = 0.00545 * RHOH * WBRIX * (ST75 x ST75 = DIHA * DIHA) 2631
EMLT = 0,00545 % ST72 * RHOL #* TEN % ELSCX # WBREX) 2632
EMCR = EMT + EMF + EMIF + EMIH + EMLI 2633
T ACR = ST73 /7 2.0 T o o 2634
QTOTS = ST81 * CL * (TC = TOUT) 2637
ENUE = =-ENUE ‘ S T 2638
ENPG = =ENPG 2639
WRITE (1ITP2 »3579) ' ’ o T T 2640
3579 FORMAT(//) 2641
T UUWRITE S T T ( ITP2y3003YDITIN/EN'WINAYVIN'DIINHeDIHAYWBRIX,» — 2642
LDPIHs WBREX ¢ TTX»DOINXsELCrELSCXrELTX»DPLCe WINXX?» WOUXX 0 TF» 2643
2QTOTCQFTCrQTTCrQTOTS FEFCIENUErENPGrEMT 1 EMFeEMIF yEMIHIEMLT » 2644 -
3EMCR» ACR 2645
" 3003 FORMATIITXAADIINIGXIANI IXGHWINAIZXSHVIN: I0XSHD T INHIIXGHD IHA L OXSHWB264L6

1R1X11X4HDPIH/11X#HINCH26XQHINCH9X§HFT/SEC1IX“HINCHllX“HINCHlBXZHFT2607
212X3HPSI/BF15.5/10XSHWBREX12X3HTTX10X5HDOINXTI3X2HLCTIXGHLSCXI2X3HL 2648 ~—~
3TX11X4HDPLC1OXSHWINXX/ISXZHFTI1XQHINCH11X“HINCH13X2HFT13X2HFT13X2H2649

FIGURE D-k (cont'd)
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BET12%3APST11XGHINCH/BF IS 57 T0XSHWOUXX I3XZHTFIOXSHATOTCIIXUHAFTC 2650

511X4HATTC10XSHRTOTS11X4HFEFC12X3HNUE/
611 XUHINCHI 1X4HINCH1 1X4HB/HR1 1X4HB/HRT 1X4HB/HR1 IX4HB/HR21X9HNO OF 62652
71S/1F15.521F15.,8/4F15.102F 15, 5/12X3HNP61SXZHMT13X2HMF12X3HMIF12X3H2653
"7 T /76X9HNO OF G+S12X3HLBS12X3HLBS2654

BMIH12X3HMLI12X3HMCR12X3HACR
912X3HLBS12X3HLBS12X3HLBS12X3HLBS10XSHSQ _FT/8F15,5//)

89 IF (WNMAX = WINA) 91, 91, 90
90 WINA = WINA + WNDEL

G0 TO 38

91 IF (ENMAX = EN) 93, 93, 92

92 EN = EN + ENDEL
G0 T0 3

93" TF(DMAX = DIIN) 85, 95: 98

A DIIN =

GO To 2

95 CONTINUE
60 TO 1

END

DIIN + DOEL

T GUBROUTIRE YABLE T
D!MFNSIOP\ CCC(9.3)

! PERIV, Z, Y1, Y2, Yll
c CRE'AvE_ﬂUTITTm TNPUT TABLE
C PROGRAM CONSTANTS = SELECTION
T OATA CCT,2Z7Z73%1,0

a’Slm U !QOZ‘U—‘UJ’—I 1?51 o’l 075 U. iz.llln”—l
1,75,1..1.5, n.o?-oz.no01o0|5o5‘1.00011.nno01|01|0.5 N,i1281,,0,:4,,22A74
7.1o»1n503‘ BB, Y, 0, 03, 23w I, L 090 TS AT IS - TR SY-L2A-
3!”.01'!40l1001 /
T READ UIYPL,(D02)Y) T,J.K, L
1NN2 FORMAT(411)

TTTTTTTTWRITE T T U ITRZ, 10053 L, JWKoL

1005  FORMAT(/8KF PUNT IS 2Xx411/)

cecra, 1) = 0,5

ne 1

1 7011)

TTCtI9Y s cctt Ii R

222(11,4)

GO YO (16,15,16,18,15),J

15 2t3) = Cl4)

T CAONTINUE

IFiK=4) 2

1222(94%) 2C(9) , 2(9),DERIV(15, 14) DELTA(14) 246R
THALY, TNDXS, ITPI,ITPZ, T

V] vi = 1,
y2 s 0,

“eRTOd
3 vyt = 0,
Y s Y,

TTTTVYEEY,

RETURN

END

FIGURE D~h‘(§6n£'d)
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SUBRUUTIRE CROUT 2707
DIMENSION A€(15,14), H(14) ' 270?
C ¥ s ’ e 1TPI,ITPZ, AW 2705
Ny{sN+y 2704
D0 200 K=1,N 7708
KemKad 2706
J*K _ 2707
DO 100 l=K,N 270R
SUVED, 0 T 7709
_ 1F(J=1)10113,10 2710
{0 YF(!*i)ﬂoijnii 2711
11 IF(!—J)17.17 21 2712
17 18MX=zl=¢ 2713
NO 12 18=1,18MX 2714
_““'__‘TZ_SUH—SUFTITTS_TT_FTT“TST"”“”—'—“'“"””""‘*"ﬁ""“'”‘" 2715
13 A(J,1)3A(J,1)-SUM 2716
. GO YO 100 T 2717
. 21 JSMXEzJe1 2718
, no 22 JS=1,JsMX h 2719
) 22 SUM=SUM$ALJS, 1)»A (U, JUS) 2720
. 23 atJ,1Ysa(J, TYy=SUM - o o T T 7721
) 100 CONTINUE 2722
. =< T/ T/ - 7723
. NO 200 J=Kq,Nt¢ 2724
' StMs0, 0 2725
. IF{1-43233,233,234 2726
' 731 1SMXz1=4 I ) &b A
. DN 232 18=1.1SMX 2728
232 StiMaSUM+ATIS, TY#A0J,18) 2729
233 IF(A(C]D,1Y)3680,358¢,3%0 273n
35y 0T, Iy=0.0 7731
GO TO 200 2732
350 a(J, 1 Y=0Atg, IY=-SUMIs (1, 7ATT,17) 2733
200 CONTINUE 2734
C WAVF COMPLETED FINDING THE DERTVED MATRIYX 273%
no 300 1S=1,N 2736
SMs0,. 0 737
JSEN= 1541 2738
JST=J5+¢ - 72739
DO 280 KS=zJS1,N 2740
T TFIKS~NYZ28D,2R0, 300 - 278
280 SHUM=SUMEALKS,JS)eH(KS) 2742
SN0 RUOJSY=ATNY, ISy =80™ T 27845
J552 5541 2744
T T TIF(?20-J%8)Y 307,307,303 T T o 27484%
3n? IHALTYT = 69 2746
INOXS = 7 B 72747
303 RETURN 2748
N e e ; -

FIGURE D-4 (cont'd)
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mmm-mmmnmam ‘

READ INPUT
+WRITE INPUT

TABLE

CALCULATE \
AND WRITE AT
our END,
TS

3

GET
AT | COMBINATION
END

OF
DIINP, N, WINA

MACH NO | ERROR
<{SFV) MESSAGE

YES

NO

DPLCP >O

YES

{PMIN
<LcP NO
<LPMAX

YES

NUE NO
>NUEG v

YES

Lt NO
<LTMAX

YES

WMIN
<W NO

SWMAX
YES

0.4

. N
<FEFF o
<1.0

YES

SOLVE TPF &

L 2

WINS>O

! SOLVE TFS & '
crouT | T MATRIX

WRITE
OuTPUT
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SOURCE DECK PRINTOUT

PRIMARY/SECONDARY DESIGN PROGRAM

ATMFRSION - REV(I),FR{3),WFFI3Y,RE(3),PRI3),PHITI3),STAR(4B)Y,TSI12),3N1D

1 RIS(12),017(12),7S4(12),PERIVIR,7),DELTALT),T(7), T3(7) _ RLGI
o "5”7*?1Tf?(fai’ ' 3ni?
COMMEN M, U55, THALT, INDXS,DERIV,DELTA,€1,62,C3,04,C5,C6,07,C,09, 3ri3
Y T71V72,73028,75,26,77,28,79,.¥1,Y2,Y34Y4,1TPY, 1TP? 3nna
NATA STOR / &#0.N , «0N431,,00539,.,0N764,,138,,17,,244,4,33, 308
8,337 ,60,7,126,1,54,2,650/ 3nns
1TP1 = & 3Irny
TTUToTTYTYery = T O o ' - ) 3rTs
\ =2 7 INCG
T TREAD UITPLL,TON3Y TITLF ' S 3m1n
1003 FARMAT(16A5) 3r1q
TWRITE TITP2,1N003) TITLE 3812
READ ({17TPe, 100N INTS, (TQL1),01Se1Y, NITCTY, 121 ,1INTR)Y Elah AL
TTIRNG FARMETC12/,(3F10,4)) 3n14
RFAP ( 1TP1,1001) PCHTCEMDT, XIN,RPTOT, T00T, 8, CAVNMA, VISY, 3718
TVISL ,HFG,CL RHOL 4 SUFT ,EKC,RHOT ,RHOF ,EKTH ,FKF,RH M, TH,FSV,FT,EF, 1714
PCV, TIN, TAL,ELNPO,FMFF,EMETH, TTG.ENUEG, TRNIN, TF¥eX, FLPMNELPVY, 3r1y
B TUMTR,WVAY, TTF RHIF  FLTMY, ALPHS, ALPHT IngA
4 s DINPLGDINPH)DINPR ENL JFNY,ENDEL ,wINAL, 3Inie
SWINAK,wINAD ' 3npn
10Nt FNARMAT(RF1Q,4) 3021
T UTTALLT TARLF ' ' Co3r2?
WRITE (1TP2,6037) PC,TC,EMDT,XIN/PPTOT,TOUT,R.GAM A, VISV, VTS|, HFG, 3723
1 CL,RHCL,SUFT,EKC,RAOT ,RANF ,EKTH, FKF, RHOH, TH,FSV,FT,EF 314

FIGURE D-6
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6N37  FARMAT(S0H DESIGN PROGRAM ]SO=PRIM/SEC NIRECT R/C W/SC / 13025
12H FIXED TRPUT /73X ZHPCI SX ZRTCY 2Y 3RMNTI 2X AKX TR T OYSHITP YT i 4HAT AT A 3N 2%
2XIHRAINXSHGAMMA/ 11X 4HPSTAINXSHDES RAX7HLRS/MIN27XIHPK[{NXGHDFRG R14Y¥Y3IN27
34HFT/R/AFLIS, 57711 X4HVISV{1XAHVISL Y 2XIHHFGI IXZHCL 11 XAHRKNL1{YaHGIIFTINZR
413XPHKCLIXAHRHOT/2(SXINHLRS/FT SEC)T1IXAHR/LBIXEHR/LP FAXOH| RS/C!1,F3nDa

- BTOXARLBS/FTAXOHR/HR FT FEXGHLRS/CIN,FT/PF15,9,8F15,6 =~ —373n
& //11X4HRHQOF12X3HKTH13X 3N 39

~ 77HRFIIXEFRHOHI IXZHTHI2X3HF SV 3XPHFT1 3X2HEF /BXIKLRS/CU,FTEXIFR/HR FIN3» -
RT FEXIHR/KR FT FAXIMHLRS/CU,FT11X4HINCH/AF15,57) N33
WRITE (I1TP2,AD3R)CV,YIN, TAU, FILNPD,EMFF,FMETH,TTR,FNUFG,TF¥TN, 37734
3 TEMAX LELPMN,ELPMX, WMIN,WMAX, TIF,RHIF,F| TMX, ALP«S, ALPHT , 37738
? NINPL,DINPH,DIAPN,ENL LENH , ENDFL,WINAL,WINAK , WINAD ’ IN3A

6N38  FARMAT(13¥2HCVI2XIHTING2X 3HTALILOXSHaLAPOT2XIHMEF 11 XAHMETHI 2X3UTT 30387
TTATIXAKMUEG/BXTHB /RS FANXBHDEG RIIX4HDAYSISXP(12¥IHPE] Y fYAHTNCHAY 3IN3W
P29HNN NF 6,8/4F15,6,2F15,2:2F15,6//1NXSHTFMININXRRTEMAXLAXSH_PMININ 3N 30
IXBHL PMAXTIXAHWMINL IX4HWMAXL2XSHTIF 11 X4HRHIF/2(11X4HTNCHYA({IXDOHFTIZN4r
ATIXARINCHOXIHLBS/CLFT/AFLS,5//10X5HL THMAXINXSHALPHSINXGHALPHTAX 7N 3NG4
STINP NAXTHDIINP FEX7HDIINP D{2X3HN ALPYIHM F/Z13X2HFTIAYT( 14 XAV NCHITTED
6)Y/7BF15,5//712X3HN NOXEHWINA NOXEHWINA FOXAHWINA D/1BXSC11X4HINCHY/ 343

7 aF15,8/7/) 3r44
wWINAH=WINAK=,NQNONYT Ing&
FAlWzFNR=-, ONONY : : 4 A
NINPH=DNINPH= , AONONT 31n47
1sL1=n 34
TF(FLPMN) 815,549N0,5%13% 3In40

510 TF(WwrMINY 816,841,513 ‘ Inke

511 IF(TFMAY) 815,512,513 30601

517 FFFF=z ,4 ERE-¥

GH TC 514 3nnl

5173 FEFF = n.n - TR 4

514 TRL1=1 3ras

Bi5 T CONTINGF INBA

PPYR=FMNT#NPTOT/ (236, NaRHOL ) $nR7

WRITE (1TP2,1N02) PPuR N

1002 FARMAT(RE PPwR (S 1F13,87) 3nha

NSC = 6N, & ENMDT # CL # (TC - TAUT) 3han

ATOTP = EMDT & (52,5 # XIN % HFG + A0, # Cyv # (T1v = TCY) 3141

- CATOTS = 7,5 & EMDT & XM 8 HWFR 3062

RHAV = 144, » PC / (R #» TC) ICKT

SNVY = 5,47 # SNRT (R # TC # GAMMA) Arha

NISC = ,7R2 & SORT (EMDT /RHNL) AL

NN ann N MRR = 1, 1ATS RRLYS

TFCTSINIINRRY) 55, 5A, &6 sne7

B8 - TSA4(NIIMBR) = 5,R3F+NA # (NIS(NUMBR) & ALPHS / ALPHT + RIT(NINVRR)) IraA7

6N TN 57 IAn

56 TSA(NINER) 2 TSINUMAR) #TSINIMRRYSTS( \iMER) TSN iR )Y Cav AN

57 WHOTS=TSA(NIMRRY##, 25 374

WRITE (TTP2,K764) .HOTS ' I o T InT»

R7€4 FNIMAT(/7H TS 1S Fu,1,6H NEG R ///) s

TTSTTTURIINE = TINPL - ' - o 374

1 FA o= FN( EavA

4 WTANA = WINAL : - IrTR

VIN = S.06 » EMNDT # XIN / (RAOYV # DTN # NTINP # F}) 3In77

IF(VIN = FSV # spovy) 11, A,A 1170

WRITE (1TP2,2n00) PDIINP,Exn, v INA, VI RIAVAL
'”"3WFH““rﬁnVITT?PYTT\PFFT".G—WY RN FTZ S, X ARWTNA FT IS, 5y, 77 T T T R e T

1 IHVIN,F12,5,85%,11RGT FSV,SNVV ) LAER
N TC 91 )

FIGURE D-6 (cont'd)
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11 DIHA = ,5 & DIINP @ SORT (EN / 71) ELLD
T TTTTREIRA = REOV & DINA ¥ OVIN 7 (€27 s vISYY T T T O TTTTYnRY
NFHA = ,25 & DIINP & SQART (EN /7 Z1) INk&
"RFEHA = RHOYV # NDEHA » VIN / (P4, # V]ISY) . ' T T T T 3NFR
REVIN = pHrv *» DIINP # VIN / (12, @« VISY) INKT

T UURTING =005 T & T ATINP & SQRY OUENY oo B T T IMRE
12 WRAR] = .0833 # EM & (2,0 % WINA + 75 & DIINP) INug
. NOTR 2 ,000107 # RMOV # VIN #» VIN & WBaARY! / (71#DTHARFIHA®® ,25)Y  3Ingn
. NPEH =,NNN1225 #RHOV # VIN # VIN & WBAR! / (Z3eNEHA®RFEMHA®S,?5) 3NG4

' “NPLCP = 667 # (DPTOT = NPIN = MPFH ¥ RHOVVIN®VIN /74200, Y ~ 7 3RG>~

- TF(PPLCP)Y 13, 13, 14 ) 3093
13 WRITE (1TP2,2001) ' DIINP,EN,WINA,DPLCP “3r04
2NN1 FNRMAT(SHDIINP,F10,5,5%,1HN,F14, 5:5% 1 4HWINA,F11,5,5Y, Irgs
- iSHDPLTP,F10.,%5,5%,RNNEGATIVE ) ' | 3n9%
GO TC RO 3Ing7
1477 STOR 1) = ,974 ' ' 3roe
STOR (2) = ,75 1199
T T/TOR (3) T .521 o ‘ 3100
STOR (4) = ,R54 3109
TTTTTUTETOR (S)Y = B4l ' 3102
STOR (6) = ,272 31053

AN PR T =1, ' C ‘ T o 40T
RFV(I) = STOR(]) # REVIN 3108
CIF(REV(TY = 2n00.917, 17, 1R ' 31Nk
17 FR{1)Y = A4, s REVL(]) 3917
T T eATOIY ' 310K
1R IF(REV(Y) - 4NQ0,N) 15,16.16 3100
1% FR(YY = n,of277 # RFV(]) =& n,3792° o . 311
Gh TC 19 3114

16 FRETY = ,XI{6 7 REV(I) =» ,25 o ' o 3142
19 WFFC1) = STOR(I+4) # EMNT » VIN & SART (RHQOV / RROLY # (1,0 - 3113
T T TATRTOARITIATY o+ YINY / (SUFT & DTINP & EN) ' 3114
RE(1) = STOR(1+9) * EMDY # (1,N = STUR(I+3)#XIN)I/(DIINPREN®VIS ) 3115
COTRCVEF(LY - 3,00 20, 20, 22 3414
2n IF(RE(LY = 20N0,0) 21, 21, 2? 3117

279 DRET) = STCR(T+92) » SART ({1,0 ~ STOR(I+3I)sXTN)#V IS #REOV / IE
1 (FREI)Y » REV(])Y & XIN & VISY @« RHQL)) 3410
) TTIR(REVIYY -2nM0.0) 23,23,74 ’ 312n
23 PHIC(TI)Y =2 (1.1 ¢ DR(1)) =« 4,n 34924

"GN T 28 ' 34297
24 PHICIY = ¢ 0,5 + SGRT ( 0.2% + NRCIY) ) =& 4,75 3423
o 6A Te 2R T 31724
22 PHICI) = STOR(I+15) / XIN #s ,75 31.2%
TSR CTTEBONTINUFT T ' 3124
HEOMD = Yy # Y4 # 1,375« VIM # SGRT (CL # RHCL # RHNY & EKC » 3427
1 FRE2) 7/ VISL)Y + 2000.0 « Y3 # Y1 + 5ANN, 0 e VY2 I12R
FLCP = 2320, # DPLCP # DIINP / (RKOV & VIN » VIN # (PHI(1) & FR(1)3120
S U 1UNR2 + {1,333 # PHI(2)# FRI2) + 1,92 # PHI(3) & FR(3))) 34730
IF(FLPMX) 32,32, 29 31581

257 TF(FLCP - ELPMN) 31,31, 3n 3137
. 3n IF(FLPMY = ELCP)Y 31, 31,32 31373
31 WRITF (1TP2,2n02) DIINP,EN,wT A, ELCP 3134
2002 FORMAT(SKEDTIMP,F10,5,5X,1HNF14,5,5%,41WINA,F11,5,5Y, 31 3%
T T 3HITP,F12,5,5X,12RH0UT AF RANGE ) ’ 3934
L0 TC RS 3147
377 TENUF = 12,9E-N4 » (NIINP # EN / (VISL % EMDT # RWOL))se 33T 3I13R
1 * (RHOVRVIN®VIN / REVIN®®,25 + 6, LREEMDTEVIN/(NTTNPeFLCPREN)) 3139
TIF(FRTEGY 35,385,337 T 1140

" FIGURE D-6 (cont'd)
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IF(FNUEG « ENVE) 35, 3% ,34

13 4141
34 TWRITE (TTF2,2003)y T DTINPLENWING ENUE © T T T T T Ty gy
2003 FORMAT(SHDTINP,F10,5,5X,1HN,F14,5,5X, 4WWINA,F11,5,5%, 3143
1 3HNULEF12,5,6X,12HOUT OF RANGE Y o o o 3144
6N TC R 3148
35 NPLCS = B # DPLCP T D S T
ELCS=574,NulPLCS#REVIMN®#0,25 #DIINSaEM#xC, 125/ (RHOVEVINEYIN) 3147
© FIISCE = ELCS» TL #TC % (TC#TC#TC/Z{TOUUT#TOUT®#TOUTY=4 )Y/ (375 ¥HFGY3440
FLTR = FLCS + ELSCS 3149
ELT = ELCP + FLTS SR
TF(FLTMY) 3B,38,36 3151
34 IF(FLTVMX = FLT) 37, 37, 3R 3457
37 WRITE (1TP2,2004) DIINP,EN,WINA,FLT 3153
2NN AT ENRMATISHDTINP,FI0, 8, 8%, {HN,F14,5,5%,4HWINA,F11,5,5Y, b : B 5 51 S
1 2HLT,F13,5,5X%,12H01IT OF RANGF ) 345K
6A T AS 3134
348 TP = ,1965 = ENM % NIINP » ELCP # 22 1157
ATS = ,1945 # DIINS # ELCS S 3gHE-
AP = ATP + ATS 3159
TF(TTIG) 40,40,309 - 3140
39 TT = TTG 4§16
TR = TTG 3467
AN TO 41 3167
4n TT = 3,31 # (AP«#TAU /FLANPO)Y®#,25 / (RHNT#FMFTH#F4FTH Y #a  1KAKA I9A4
41 NOAVE = ,75 # DIINP ¢+ 2,0 & TT 31 MG
INDFX = 9 I{ AR
IF(IVAX)Y 45,45,47 3167
49 STORF = ,0R3% « EM & (2,0 & WwINA + NOAYD) T1AR
IF(STORE = WMIN)  44,44,47% 3144
43 TF(WVMAX - STOREY 44,44,45% - i 70
44 WRITE (1TP2,2N005) DIINPLEN,w] A, STORF 3171
205 FARMAT(SEDIINP,F1N,5,6%,1HN,F14,5,5Y,4RVINA,F11,5,5Y, 3172
1 1HW,F14,5,8%,12H0UT OF RANGE ) 317
~fA TR RO 3174
45 STORE = DOAVP / wliNA 3178
) RTIR=N,2EETF N9 & /2#FF#DOAVP#F| CO#ENS(TCHATCHTCHTC-TS4(MUMRR)) 3174
ANNN 18 = N 3177
F (ChY 47, 46, 47 - 3470
a6 F35P = SERY (,(Q% # STORF + ,NN25) / (STARF + 1) + 3170
1 SART (1,95 # STNRF + 3,RO3Y / (STARF + 3,9) 31 AN
F4SP = SERT (N,? # STORE + ,nd Y} / (STORF + ,4) + 39 h1
1 SPRT (1,8 # STARE + 3,24 ) / (STNRF + 3,6) T4RD
FRSP = SRRT (.45 * STORE +,2n725) / (STrRE + ,9) + e
1 SART (4,55 #«STCORE + 2.,4Nn3) /7 (STARF + 3,4) 31434
FAgP = GRRT (N,R * QTNRFK + ,64 )Y / (STARF + 1.,4) + 34 R5
1 SNRT (1,2 # STORF + 1,44) / (STARF + 2,4) LR YA
F1SP = N,63h6 # (1,+(2,N/STORF) # (1,N=SART (N,5#3TNRF+1,7)) +,58
1 ATAN (SQRT (R,N/STORF » ({,0 + 2,0 /7 STARE)Y)Y Y ) o -
47 IF(r5=-1,0) 5n,4R,5( 3t 4G
TR TF(7%Y 49,87,49 3rsn
40 F36P = (,05 # STORE + ,NO2%) / (STORE # (STORF + ,1) + ,nn%) + 1999
1 €1.95 #» STORF 4+ 3 ANT) / (STARF # (STORE + 3,9) + 7,&0K) 3192
F4aSP = (.72 # STNRF + ,Nn4) / (STNARF (STORF + ,4) + ,NAY + 11461
1 (1.8 # CTORE + 3,24) / (STORF # (STORE + 3,6) + A,4R8) 3154
FB8P = (,45 & STORE + ,202%) / (STORE (STORF + ,9) « ,4N8) + 39 G55
TTUT.55 ¥ STARF™¥ 2,203) 7 (STORF ™3 (STRE & 317 7% 4,BORY  ~ " 3rga—" -
FASP = (R # QTARF + ,64) / (STARF # (STARF + 1.4) + 1,728) + 1167
1 (1.2 # STORE + {,44) / (STARF # (STORE + 2.,4) + ?7,R3) 3497

FIGURE D-6 (cont'd)
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F1SP = Nn,3183 # (ATAM (1,0 % 4,0 / STORE) + 0,2146) 3190

CPERTV(E,2Y = 348 % C3 # 3TOR(5) # YLC # (T(2) - TC) + PERIv{1,2) 375+

87 T IF(C=Z2.0Y 53,52,53° T ST TR
52 F3sp = 1,0 3201
F48p = ¢.,n - ' . ‘ N 14 64
Fesp = 1,0 3203
S TRSRE A o L e e IR
Fi1sp = 1.0 320N
53 69 YO (54, 6R),INDEX ‘ ' R Vo Ae i
54 IFCISL1) €1,61,58 3207
SR STORE=(-CT(B*(2,1FE+11#EMDT {0, B75# X IN®HFG+CVSTINSCYRTEYYY 7/~ "7 390k
1 ( FEN # 2,0 % WINA % FLCP #(TCaTCH#TCaTC=TS4(\VIIMRRY)4EF®7D) 3209
- IF(SYORE «~ FEFF) 60, 59, 59 ' ‘3210
59 1F(1,N -~ STORE) 6N, 61, 61 32119
60 T WRITE {YTP2,2006) NIINP,FN,WINA,STARF T %717
2NN6  FNORMAT(6K DIINP,F9,5,5%, 14N, F14,5,5X,4HWINA,F11.5,8Y, 5213
1 AWFEFF,F11.5,5¥%,12H0UT OF RANGE ) 3714
7 GY TC A9 1218
61 NIAVE =775 « DIINP ' Y L
NTIN = DIAYP 3217
T AR 2 pCAVP ' 329
X! C = FLCP 3219
YWIN = WINA i ’ 3pon
STOR(1) = 73 3224
STNR(?) = 74 3277
STOR(3) = 7?2 3221
T CSTORTAY=-ENDT/EN®( 17 . 5eXIN#HFG+20 , NaCVu({TIN=TCY) 3724
STORE =(TC= TOUT) 7/ 6.0 3224
INDEX = ¢ 3224
A999 INSR={ 3207
7000 T (1YsTC-1n, 372
T(2)=T(1)-5, §»7e
- LT ' ‘ 3230
NN A585 1=3,6 3731
6885  TUIYSTIT-9)=3n, ' 3232
nn 62 1 = 1,6 37257
A% T3CT) = TEIY e TCH) e TLD)Y 3234
50 TC (A101,6102), N8R §23&
41097 Te7ys.ne ' 3734
1MER=D 5247
) S GA TC é7an ’ 3P3c
61102 Tt7y=.1 $534
o TMSEEY T 3240
6740 DN 621 1=23,7 3241
ST A R2Y JELL,R 3242
571 ncp,\l(J.’):O,h 3243
CBSTOR(BY = NDIIN / (24,/HCOND + (POIN = DIIN)/ZEKTH) 37244
STNR(A) = C2 # FKTr # (DOIN = DIINY /7 (NOIN 4+ DI 3245
NERIVIT 1) ==1,139¢ » €14 & STOR(R) & XI.C = 1,7 # STOR(A) # XI.C = 324+
14.#1,495E <1 NaF1GP* STORC1) » C7 & DNIN # XLC # FT » T9(1) 3247
TTERTUE?,T) 24,7 # STOR(AY & XLC 3o4n
NFRIVIB,1) = 1,394 % C1 # STOR(S) # XLC # (T(1)-Tr) = 1,7 #GTAK(A)IIZ40
U RXICHIT(2)=T(1))-1,495F=10#F1SP#STAR(1)4C7#DN[NaX CoFTa 3250
? (TSA(NUIMRRY - T3(1Y & T(1)) 3251
CNERTVI1,2) = NEPIV(2,1) / 2.0 3257
B NFRTIV(3,2) = 6,67 ® T(7) # XL.C / XWIN » EXF 32673
- “ppy\’(2.2’ = - ,%4R # (3 & STYOR(S) #XLT=NERIV(3,?) =~ DFQYV("D?‘ -~ 3754
1 4, % ,23RE«10 # STOR(?) # S & FF # NNTHN « XLC ¢ T3(D) 3058

FIGURE D-6 (cont'd)



TRW EQUIPMENT LABORATORIES ‘

1 % (T(2) = T(1)) = DERIV(3,2) # (T(3) = T(2)) ~,238F=1n & STNR(?) 3757

TR TS TR EF # TOTN ¥OXUC W UTSEINUMBRY) T STY (R YET Yy T T T TR R T T
DERIVET7,2) = 6,67 # XLC / XWIN # FKF # (T(3) - T(?)) 3259
STORE = XxLC / XWIM & EKF ’ ' o S R 3ven
NERTV(2,3) = 6,67 # STORE # T(7) 3261
NFRIVTAE,3)Y = 2,27 # STORE # T(7) ~ [ Y
NERIV(7,3) = STORF # (6,67 # (T(2)=T(3)) =~ 2,22 # (T(3)=T(4))) 3267

TUTTUTERTVE3IY 2 <TDERIVI?,3) - DERIVI4,SY - 4,0 % ,9SE=11 ¥ STORTIY IVE4
1 % 2 # EF # XLC # YWIN & (C6 + F3SP) » T3(3) 3765
NFRIVEB,3) ==DERIV(7,3) # T(7) - ,9%5E-11 & STNRII) *« T2 & FF %~ 3IPEA
1 XL.C # XwIN » (Cé + F3I3SP) # (TS4(NUMBR)Y=- T3I(3)aT(3)) 3267
NERIVI3,4) = DERIV(4,3) ' S . 124 - 2
NERTV(S,4) = 1,334 # T(7) # STORE 37269

=

TTTTIRRTV7,4) STORF # (2,22 # (T(3)-T(4)) = 1,334 » (TUBY<TIRYIY =~ 3I?>77
NFRIV(4,4) =2aPERIV(3,4) = DFRIV(S,4) - 4,1 % 1,9E-11 # STAR(3Y & 32719

{1 02 o FF & XLC # XWIN # {(C6& + FASP) & T 4) ‘3277
NERIVIR,4) =2=DERIV(7,4) # T(7) = 1,9E-11 # STOR(3) # C? # FF = 12773
1 XLL.C # XWIN # (C6 + FASP) # (TS4(NUMBR) = T3I(4) & TC4YY ~ 77 7737572
NERIV(4,8) = NERIV(5,4) 3275
NERTV{&,5) = ,952 # T(7) % STORF - IP7F
NFRIV(T7,8) = STORF # (1,334 & (T(4)=T(8)) «,982 » (T(%)aT(A))) 3277
NERTVI®,5) = =DFRIV{4,5) = NERIV(A,R) = 4,0 % 2,A%F=41 # STrR(IY 327"
1 % C2 # EF % XLC # XWIN # (C& + F55P) # T3(5) 427¢
NFRIVER,B) = =~ DERTIVI7,5) # T(7) - 2,38F<411 # STNR(3Y # 2 # FF I2AnN
1 % XLC # YWwIN # (6 + FBGP) # (TS4(NUMARR)Y) = TI(B) # T(5)) 12181
MFRIVIB,A) & NERIJV(A,5) : IPED
NFRTIV(6,6) = = DERIV(A,H) = 4,0 # 3 HF-11 # STOK(3) # 2 ¢ FF & 3I2n7
1 YLC * XwIN & (Ch + FASP) # T3(4) I2h4
NERTV(T7,4) = ,952 % STORE #* (T(S) = T(6)) 1IHG
NERTV(A,£)==T{7)8NERIV(7,A)=3,RF=91 # STOR(3) # (C? o FF % XI_C # IDEA
1 XwIN # (C6 + FOASP) # (TS4(NUMBR) = TI(A) # TC&)) 3247
NERTVIEL1,7) = ,697 % STAR(S) # XI.C » 2.N # C1 IPRA
PERIV(2,7) = 697 # STAR(S) # xLC # C3 3200
MFRIVIA,7)=STORI4)+,697 # STAR(SR) » X1 # (2,0 # C1 & (YC - TU1)) 379N
4 + (3 & (TC « T(2))) 3291
TNDXYXS 3 9 3299
CALL CRNOLT §°G
) KA TH (70 , 10 ), INDXS - 3754
10 BA TC (A103,6104), INDFX 3295
6113 61 Te (7000,7P0N,R10), INSR 3G K
61N4 60O T (700N,7000,R011), INSR 3297
RNiNn  wRITE (17P2,2n07) NTINP,EN, W Tna 3290
20Nn7 FARMAT(AK nxI'\‘P,CQ.5.=’Y,1H‘.\.‘,C14.5,5)(_;4H'~”[":A,F11.‘),‘5\’, 3790
T 1 S2HPRIMARY=COND, EQUATIONS ANONCONVFRGENT AFTFR 20 TRIES ) 3TaN
RN TO RO 3309
ANtY  WRITE (17P2,AN13) DIINP,EA,w TNA I
Rr13 FARMAT(6K DIIVP,FO,%,5X,1HN,F14,5,5%,4HuINA,F11,H,5Y, 3in
1 G2HSECOND, «COND, EAUATIONG NONCONVFRAENT AFTFR 27 YRIF&E 7 3~ 3T1N4
6N TP R9 LRERE
TUTMAASTIN 7OAMG T o5 4,7 oo : - : S ITA
TCLY = TC1) « OFLTA(]) 337
7004 v301) = TOLY & T(1) & T(() C R Se i
na 70Ny 1= 1,6 330
IFCABS (DFLTACIY) = 4,0 ) 70n1, 7001, 7003 3390
7NNy CONTINLF 3314
TN T TY R UARS (TR T A7 Y Y = Y Y76y 7 TSy O Yy T T e It -
700 AN TR 6740 I
7an6 GO T0 U 63 4+ 71 Y, INDEX ‘ ‘ i 3374
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63 TFP = T(7) 3315
Y{7=sYt2Y — T - TR T
IF(TFMAX)67, 67 ,64 _ 3317

84 TTTTIF{TFWAX = TEPY 66, &5, 85 T DT S S S T S s g g T

65 IF(TFP =~ TFMIN) 66, 67, &7 3319

TTTR6 T WRTTE (TITPZL,2NORY T T UDIINPGENLWING,TFP O T T 332N
P0NR  FORMAT(6H DIINP,F9,5,5X1HN,F14, S.SX4HNINA.F11 5.5x
T TITIHTFPLFI2,5,5X, 42H0UT OF RANGE D) ‘ B A . - A
50 TC 89 3323
T RFS ® 3,7% &« HFG ® FMDT # XIN = A143F-R & (,75 &« DIINS + 2, % TYTI3%24 —~
1 # FT # ELCS * (TC#TC#TC#TC~TS4(NUMRR)) 3325

ATTP = DCIN & ELCP & (4,485 & FISP » 73 ¢ C7 % FT #(T3(9)aT(e)) -«
1 TS4) + 1,428#724 «CS #fEF s(TI(2)8T(2) = TS4)) » 1,E=-10 « FNn

R TPERTOTR oGP o e e N T e
TRA=(TC=(TC=T12)Ys(ELCP#D]INPSEN/(ELCS#DIINS*#7,0)))#e4,D 3427
- CWING = AN,4FE+B « OFS /7 (ELCS ® FEF # [TRA-TS4(NUMBR)Y))' ' 332n
IF(WINE)Y 69,7Nn,70 3129
69 WRITE (1TF2,2009) TTTTUUDTINGLEN,WINA,WINS B 5 1A
2NN9 FORMAT(6H DIINP,F9,5,5%1HN,F14,5,5x4HWINA,F11,5, 5Y
) T YT AHWINGLFLLS, Sx,izHOUT 0F RANGE ) 3332
GO TC 89 333%
YR UMOAVS .75 @ DYINS ¢ 2,0 & TT T T T m T s s s e g
B STORE = D0OAVS / WINS 3338
INDEX = 2 - - T T I - ST ' ‘3‘33?\"“
GO TO 6NnON 3337
&R HTaVE = 75 &% DIINS ’ i 3331
NTIM = DIAYS 3%30
TTTTTTTTTTRAYN = DPoavsT T o T T ST ; B ' S V0
%I.C = EILLCS 3349
XWIM - WINS e o ) i S Ty }i4? o
STOR(Y) = 1,0 14473
T TRYORTEY ETLLVD ' b 3344
STOR(3) = 1,0 3145
STAR(4) = =-P2,5 & FMOT & XIN » HFG =~ S 1344
INSR=1 3147
74 IF(TTG)7101,7101.,7102 3149
TR TP E R 37 TP TA(IATEL.CPAaDNAVPRENSELCS*NNAVS)Y/ZELNPNYRen 26 7 3150
1 (RHQOT & FMETH & FMETH) #%,14666 - 77 % C9 & YFP / 3354
2 (RHOT & EVMETH o EMFTH /7 (RHOF » EMEF » EMEF))es ,1A666 33572
7102 CONTINGE 3TH%
IFS = Y(7Y T ' . B3
NOAXP = ,75 #« DIINP + 2,0 & TTP 3355
NAAXYS 27,75 «# DIINS '+ 2,0 &« TTP II56
WRARIX = .NB33I3 » EN # (2,N & WINA + DNAXP) 3357
o T NNSC = DISE + 2.0 » TTP 358

FMT = ,00545 # RHOT # (FILCP # EN & (DNAXPRDNAXP=-NTAVP#NTAVRY + 335¢

1 ELCS # (DOAXS#DOAXS=DIAVS#DIAVS) + EI.SCS «(DOSC+NOSC-NISCHNICTY)Y 3350

FMFE = ,NNE94 & RHOF « (ELCP & TFP & (CR & WRRIX # 172, + 2.0 & En 349
T % {TD -CRY ® WINA) + ELTS STFS & (CR & (2,0 & WING + DMAYS) + 3IED

? 2, % (1,0 = CB) # WINS)) 367
- EMIF = ,0R3T 2 FLCP » RHI[F « TIF » wWBRIYX i o 33647
FMHS = ,0N545 & RHOW & WRARIX # ((D[HA+2, eTHIS(DINASD, #TH) = Dika 3365

B 1 % NIHA ¥ (DEHA 2, #TH)s(NEHA +2,#TH) ~ DEHA & DEHA) T ALY
FMLI = ,00545 # DISC # DISC & RNDL »& FLSCS 33467
ﬁ"""‘“ﬁﬂtﬁ‘:”ﬁvf"# FMF + EMIF « EMHS + EMLLT IKA
o ACRP = WRRIX & FE|LCP 3360
ACRS = ,NR33J » ELTS & (NOAXS + 2, # WINS) - D L Y
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1,414 # DIMA _ 33714

DIINK =
NTEHE 2 1,414 % DEHE s, o I £ B
FEFP = 17,5FE+R » QFTP / (FN # ELCP » FF # 72 # W[\NA # 3373
1 (Ti28T12#T7128T12~ TS4(NUMBR)Y)Y)Y 7~ T Tttt T 374
NTEP = ,354 #« DIINP 3378
CRITE (1TP5,3335y . SO gy
3332 FNRMAT(//) 3377
T UTWRTYECCITRZ, 3TION) T DYINP EN,WINA,VIN,TINW,RRTY , TP TH, . 3 AL
t NIFHF,DPFR,TTP,ELCP,DPLCP,DIFEP,FFFP, TFP,NIINS,FLCS,DPLES,EILSCS, 13379
? FLT,TFS,WINS,D18C,ATOTP,ATOTS, ASC, FMT, FMF,EMTF, EHS , FMLT, B X 11
T FMCR, ACRP, ACRS,ENUE 3341

INAN ENRMATLICXSHDT INPLAXTHNLIX4HWINAL2XIHV INIOXSHD ] INHLIAXDHVBRTYI IXAHNTIIAD

IPIRHINXSHEIEME/ ;11 X4HINCH2AXAHINCHIXARFT/SECTIX4HINCHLIIX?2HFT12Y3NPSTIIHT
T PTY{XAHINTH /,RF{5,5/7 ,1{X4AHDPEH12X3HTTP12X3KLCPINIYSROPLCPTIY4HDTEPTIIRA
I41XAHFEFPL2XIHTFPIOXSHDIINS/ , 12X 3HPSI 11 X4AHINCHIIXPHFT12X3IHPRI 11 %4330 R
ATNCH2AXARINCHIIX4HINCH/ ,BFL15,5/7 L 12X3HLCSL{OXSHNPLCSL1X4RL.STSTIWZHITIAA
S T12X3HTFSTIX4HWINGT1IX4HNT1SCLNXBRATNATP/, 1 3XPHFT12YSHPST13X2HFTY3X 3387
APHFT,3({I¥4HINCH),11X4HWB/HR/ ,8F15,57 ,1NXSHATOTSI2YIHQECIIVPHMT — TI4F
713IXPHMF 12X IHMIF12X3HMHG 12X 3INML 112X3HMCR/ 4, 11 X4HB/HR11X4HR/HR, (12X 3340

A IHIRSY,/ ,BF15,.5/ ,11X4HACRPLIIX4HWACRS12XIHNUF/,1OXSHRQ FT1INXBHE, 339N

OFTAXOHND OF G,S/ ,3F15,5%/7) 3391

Y} TF(WwINAK « WINAY 81, 91 ,9D B T 3397

9n WINA = WINMA + WINAD 3397

6N TC 17 ) ) 1154

91 IF(FAH - FAY 93, 93, 97 3394

9 En o= EN o+ ENDEL ' 3194

A TO 4 3357

93 IF(NINPH » DIINPY4A0N, 400, 94 39R

94 NTINP = CIINP + NINPD 3399

T N TC 3 ' T ) 3470

400 CANTIMUE 3401

R 6M e 1 3402
FND

QURRAOUTTINF TARLF : 3407

NIMENSTION CCC(9,3)  ,722(9,%) ,C(9) , Z2(9),NERIV( &, 7),DELTACL 7) 3424

COMMAN N, J85, ThALT, INDXS, 347%

1 DERIV, CELTA, Cy Z, Y1, Y2, Y3, V4 Y4014

2 L,1TP1,11P?2 3407

CREATE RACTATOR [MPUT TABLE Jann

" PROGRAV CNANSTANTS = SELFCTION 3410

NATA CCC,777/3%1,0,3%0,0,1,,2%0,0,1.125,.,5,,75,",,2%1.,,82,1.,,.25,341"
1,75,1¢01.5,0,,2,,2%0 01.,:5¢5%1.0" 10,0, 01,0000 5N 281,,0,,4,,23111
?"1001-5’3'«86611.IOvljol00i3oi?013‘a7r‘751'OncDiol“rt“htltloglqcﬂlv341’)

llﬁolitld'linllo/ 54].‘
RFEFAN (ITP1,1002) T,U,K,L 3414

1002 FTHARMATTATLY 3415
wRITE ( ITP?2,1008)1,J,X,L 341A

10nS  ENRMAT(/RK PUNT [S 2X411/) 3417
CCCta,1) = r,% J41R

nA 9 11 s 1,9 3410

Cer1y = CCCtly,1) 3420

7014y = 777(01%,J) 3421

GO TO (16,15,16,16,15),0 3427

1F 7(3) = C(4) - ’ 3427
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16 CONTINLE 3424
TFIR=-Y)Y 7 ' Y4 ] S N B LY 4]
2 v = 1, 3424
. et R - _ I - 3427 }
GO TN 4 3428
3 Y1 = 0. L L.Y-4")
y?2 = 1, 343N
TR TFIC =31y % "% 76 - T - - - 34371 T
5 vy = 1, 3437
T va = 0, T - - - I433
RFTURN 3434
6T TTYY s . B B - - R ¥- B 1 R
v4 = %, 3434
- TTTTTRFYTIRN 7T - - - . 7 5. 37 2
EN
éugpouTXAE CROUT 3438
T T DIMERNSTION AT R, 7Y, HE T o ) - 3339 T
CNAMMON N, UB5, THALT, IMOXS, 4, H 344n
- TNTzhel o ' 3441
no 200 Ks=g,N 344
K1=K+1 - ) - 3437
J=K 3444
oDt 100 T=XL,N 3445
stM=n.0 5444
TTTTTTOYR =TI Y4 3447
10 TF(T1=1)13,13,11 3448
T IF(T-1 7,17, 21 3445
17 18MY=T=1 345
’ 5 {7 18381, 18%X 34519
12 SM=glIvVeA( 1S, 1)#AL],15) 3452
T AT, 1Y=ETT, TY=8uM 3453
GO TO 1np 3454
51 JSX=J=1 3455
no 22 US=1,J8%X 3456
P72 SUIM=SUN+A(JS, 1 )ea U, J) 3457
23 AlJ,1)=A(J,1)-SUM 3450
IRN EOANTINTE ' 34590
1=K 346N
NO 200 J=k1,N1 3461
SiiM=p,0 3467
TF(T-1)233,233,2131 3487%
231 15MX=]-q 3464
T T Dy 2357 1821, 19Mx 3465
232 S'iM=gUM+A( IS, 1)#A0,15) 3166
233 TF(A(T,1)7350,3%1,3%0 34A7

FIGURE D-6 (cont'd)
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351 A(J,19=N0,0 3468
I I —— T — e . <450
T80 ACJ, 1) (ACI, 1)=SUM)I#(L, ZaC], 1)) 147N
2N0 CONTINUE : o 3471
c HAVF COMPLETED FINDING THE DERIVED MATRIX 3477
StiM=n, 0 3474
e TR — v M
JS1=2JS+1 1474
NA 28N K8eJSi,N ' SR : T T 3477
IF(KS=N)?R0,2R0,3N0 3475
2R0N SIIMzGUM+A(KS, JS)#H(KS) , : S e 3479
3INA HEJS)=A(NL,JS)=SIM 34un
- , o g
1F(2n=J5%) 302,302,303 3482
In? IHALT = 99 ' C B4R
INDXYXS = 2 3444
393 RFTURM o : o e ¥-1
END 3484

FIGURE D-6 (cont'd)
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COMPUTER FLOW CHART - FUEL, CELL PERFURMANCE PROGRAM

READ INPUT
» &

WRITE INPUT

TABLE

ERROR NO
1 MESSAGE
¥ <ES
. A
3 \TD TS's
CALCULATE
INDIVIDUAL |_
moG & ¢
MDVIN
NO
TES

GETTS A!\

FROMSET  |END/
J
t

-

MATRIX

SOLVET b/

CALCULATE
INDIVIDUAL
DPTOT

ALL
DPTOT'S
WITHIN
2%

CALCULATE
NEW MDG'S
& MDVIN'S

ERROR

2

MESSAGE

TOMIX>

YES TOUTM

NO

REDUCE
S*NS

AT
END

Fi{gure D-7
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SOURCE DECK PRINTOUT
FUEL CELL PERFORMANCE PROGRAM

CHIMENSION GIST12), AIT(12Y, TS4(1?2), T5(12), ©OFNDETLD, 4nnon-
1 TONC12)Y, AMDT(42),AMDGE12),aMVT(12), DPTOT(17), ano1
- STUNSTE2TY,6TS(12),GFS12),PRAL3Y,EMNIVIZ),RM(3),ROMITY, TRH( Y, UM(3)4ADD
3oRE(IYLWEF(3),RF(3),TSTOR(I) ,PHI(3),FR(3),DR(3)Y, AMTC(12), 4n03
4 AMUETY?)IDERIV(??.?1).UELTI(?IF'}“TT?l), TI(?29),5TOR(14) 4nna
6.YTS(12.1?).x@ls<12.12).XQXT(12.12>.TITLE(16).INTSX(l?) 4nns

CAMMON N, U58, THALT, INNYXS, DERIV, OFLT4,C1,C2,C3,64,65,C6,C7,0R,4NNE "

1 C9421472:73,74,25476477,78,79, Y1,Y2,Y3,Y4,1TP1,1TP2 4007
TN = AT ’ : : 4NNRA
ITPY = 5 4np9
ITP> = 4 ‘ 4m1n
WRITE (1TP2,1002) 4N11
1NN2  FARMAT(ELOF PERFORMANCF ANALYSIS PROGRAM,H? - H20 FUFL CFLL, NIRFCTANT?
1 R/ L 7) 4n1y
6N T RFAN LITPT,INNS)Y TITLF ' ' 4r14
1NNS  FARMAT(16A5) 4ngs
ARITE (1TP2,1005) TITLE 4n1A
QFEAN (1TP1,9347) NSFTR 4an17
9347 FENARMAT(1?2) 4r3f
NN 9348 y=1,NSETS 4n16
RFAN CTTP1,9347) TNTSX{J)Y 4N2N
Kz INTSX(g) 4n21
914A  RFAN (1TP1,9349) (XTSE1,J), XQIS(T,J), XOIT(1,J), l=1,x) 4n2?
9349 FNRMAT(3FIN,4) 4n23
’ READ (ITP1,1000) EN,S,DI1IN,POTIN, WRARL , WRARE, TFIN, TFAUT, 4Nn24
1 TOLTY, PMyALPHS ) ALPHT ) EKTH,EKF,ET,EF ,FSVEL CyFM¥DTGR,FMNA, 4M25
PEMNYNL, TN, SHIN ' 4126
10NN ENRMAT(RFIN,4) 4n27
CALI TYAR(F™ — 7 e e e 402R

FIGURE D-8
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WRITE (1TP2,1003) EN,S,DVIN,DOIN,WBARL, WBARE, TFIN,TFOUT, 4029
1 T0UTV, - 3 s EVDTG, .
2 EMDVN,TIN,SHIN 4n314

1003 FORMATI14XIRNTAXIRSTIX4RD T INTIX4RD0 TNI OXSHWB AR T I OXSHWRARET I X4HTF [NAN3D
110XSHTFOLT/41X4HINCHIIX4HINCHY IX2HFTLIX2HF TL1X4HINCHIIX4HINCH/,AF 4033
2 15,5//710XSHTNUTMIIX2RPMINXSHALPHS HALPHTLIZ2XSHKTRIIXPHKF{3IY2HETY
343XP2HEF /1 OXSHDEG R11X4HPSIAZ6XIHB/HR FT FEX9HB/WR FT F/AF15,5// 4035

417XBHFSV1szuLC11x4HFUTGI7X3ﬂHDBIUXSHHUVTNI2X3RTTVITthsHINI 351
B2AXPHFTAX7HL.BS/MINBXTHLBS/MINBX7HLRS/MINIOXSHNEG R/7F15%,5//7 ) 4037
N AN ADT TTIME =1,NSETS amse
INTS = INTSX(ITIME) 4139
no 93850 I=1,INYs T T T 4nan
TS(1) = XTSt],ITIME) 4N41
OTSTIY=XRISIUT, TTIMEY ‘““ T nay
93580 QRITEId= XQAIT(!,1TIMF) 4n43
)  YFUEWMDG)Y 27, 24, 27 T T T mmmm ot s e e TTTTTangd T T
24 IF(EMDYG)Y) 26 , 25 , 26 4n4s
2% T WRTTE (ITPZ, 20000 anak
2000 FORMAT(?26HROTH MDG AND MDTG ARE ZERO) 4n47
TTTTTTTRAeTY RRY T T o T ) ) - T T T AR4RT T
26  EMDG = FVDTG / (1,0 + SHIN) 4n040°
T TEMDYN 3 EMDTG - EMDG T T TorTTTT T T ansn T
27 PINGA = PM & anvw /7 (9,06 # EMDG + EMDVN) 4051
~ TINSA =562,0 + 39,51 &A(AG (PINSKY T T T TN T
TF(TINSA =~ TOUTM) 4,4,5 4ans53
T TTTTTUTYRYTE LITP2,20D07) TINSA ’ T - - T TUanNsy o
2002 FORMAT(6H TINSA,F15,8,16H LESS THAN TOUuTM ) 4055
TR Yeene - o T Y 1Y S
5 FNS = 1 n 4n57
T R &1 U = {,INTST T o T - h T4RABRT T
rF(Tstl)) 28, 51, 5% 4n59
T2RTTYSATIY =S5 ,BR3ES0R & (Q1S(1) % ALPHS / ALPHT + QITIIY) 4nen
. TSt1) = TS4(1) #e 0,25 4n61
AT 6y o o o - £ 1Y A
51 TS4t1) = TS(]) =« 4,0 4NA3
T 681 T CANTINLE® o o T 1 1Y A
FE = 2, 7182818 4n65
WIN"= 0.5 & (12,0 % WRAR{ 7 EN = DDIN) N £7.Y S
wAUT = n,% * (12, N * WRARE / EN = DnIN 4ng7
WY =,166667% T5,0 ¢ WIN + wOUTY ' ’ o B LY.
W2 = .5 # (WIN + WOUT) 4n69
T TR R0, w (WL ¥ W2y T e Y 1 4 2
w3 =.166667' (WIN + 5,0 & WOUT) 4an7y
WP TETL,E e (WZ T+ WIY T T T ' ‘ ' T K- Sav 4]
TFY =.166667+ (5, N e TFIN + TFOUT) 4073
- CTF2 =2 0.5 # (TFIN & TFOUTY h N LA 2 S
TF1? = N,% & (TF1 + TF2) 4n7%
TF3 =.166667« (TFIN + 5,0 « TFOUT)Y 4nT7 R
TF23 = N,5 & (TF2 + TF3) an77
TFITSY &, 13, 7% T oo Y £ 2 2
13 STORE = DOIN / (WIN + wOUT) 4n79
COFISP =1L 0% 2,0 7 SYORE T T T -
F18P = ATAN (SQRT (F1SP & F4SP = {,0)) /7 2,0 4nd1
S FISP = N, 63664(1,+(1,/STORE  # (1.0 = SART (1,0 + STARE)) 4 FI§P))
F35P = SGRY (,1 # STORE + N,0n25) / (2,0 &« STORE + N,1) + SART 4nA%
1 (3.9 « STCORE # 3, 8137 7 (2,0 & STORE ¥ 3,97 FTR2
FASP = SGRT (.4 « STORE + 0,04) / (2, & STORF + 0,4y + SART 4NnHS
B T 13,6 & STORE # 3,264) 7 (2,0 & STORE ¢ 3.8y - ANRE -

" FIGURE D-8 (cont'd)



F5SP = SGRT (N,9 * STORE + 0,2025) / (2,0 # STORE + 0,9) + SART  4n87
TTTTTTTT U1 W SYORE + 9,403y 7 (2,0 % STORE ¥ 3, (Y e 11|

”65° = SGRT (1,6 # STORF + 0,64) / (2,0 » STORE + 1,6) + SORT 4089
§ €2.4 % STORE + 1.,44) /7 (2,0 % SYORE + 2,4) S A
YF(CS 1.0) 21,17 .21 angy
TF(73) 1R , 22, 1B o - - a9
STORE = DOIN / WIN 4n93
FISP 2 N.31R3 » (ATAN (1,0 + 4,0 / STORE) + 0,2148) 4nya
F3SP = (0,N5 # STORF + N,NN25) / (0,005 + N,1 # STORE +STNRF#STARF4N9S
1) + (1,95 % STORE # 3,80%) / (7,606 + 3,9 # STORF + STORE#STARF) 4N96
F4aspP = (0,2 & STORE + N,04) 7/ (N,NB + N,4 #» STORE + STORE # STORE)YI4NG7
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16
17
18

21
27

64
65

>y

99

2001

89

on
91

95 -

1t + (1.8 # STORE + 3,24) / (6,48 + 3,6 # STORE + STORE # STHRE)

RLLEL

FSSP = (0,45 » STORE + 0, 2025) / (0.405 + 0,9 STORE+STORE®STORE 14099

1 + (1.55 STORE + 2,403) / (4,B06+3,1%STNARE+STORE®STNRE)

F6SP = (0.8 » STORE + 0,64) / (1,28 + 1,6#STORE + STORF#STORE)
1 + (1,2% STORE + 1,44) / (2,BR + 2,44STORE + STORF#STORF)
1F(C5-2.0) 64, 22, 64

Figp = 1.0
F3sP = 1.0
F48P = 1,0
FegP = ¢.,0
FASP = 1,0
NO k5 1=z1, IMTS
AMDT(T) = (EMDG + EMDVNY 7/ (EN # ENS)
1NP = 0
NB ARG T =1, INTS
AMDGET)Y = AMDT(1)Y # EMDG / ¢ EMNG + EMNDVN)
AMVICT)Y = AMDT(!) - AMDG(!)
_FRM = (778,00 # AMDG(Y) + B5,6 & AMVIC1) Yy /
1 CAMDGLD) + AMVICTD) )
FROM= 144,00 # PM / (TIN «FRM)
Fumz 3,86 « (AMDGI]) + AMVI(TD) Y / (FROM =

1 O1IIN » DIIN )

SAVV = 6,72 » SART (ERM+ TIN) -
IF(FYM=FSVaSQVY) RY,RA9,99

WRITE (1TP2,20n01)

FARMAT( /18K MACH N0, TON HIRH /)

A TO 6N

CONTINUFE

DN 40N NUMRBRR = 1, INTS

FRM = (776,00 % AMDG(NMBR) + 35,6 # AMVI(NIUIMRR)Y) /

1 (AMDG(NUMBR)Y + AMVI(NIMBRY)
EROM=z 144,0 #» PM / (TIN #FRM)

CFUMz 3,06 « (AMDGINUMRR) + AMVI(NUMRR)Y) / (EROM

1 DIIN » CIIN Y
TF(AUMBR-1) 92,92,9N0
IF(TS(NIIVRR)Y - TS(NHMRR-1))0?.91 92
1=NIIMAR=-1
TOINNTMRRY=TOUI( T
NTSINIIMRRY=ZATR(T)
NFSINIIMRRY=NFS( 1)
AMVE (NUMBR )Y =AMVE (1)
NPTNATINIIMNRRY=DPTAT( 1)
EAIF (NULMBRYEENUF(])
GN TO 4nn
ILOOP = 1
nn o101 1 = 1,21
Al = 1
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4106
4107
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4106
411n
4111
441?
4413
4114
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49114
4117
411k
4110
492N
4121
4127
4123
4124
412%
41264
4127
44 2R
4120
4130
4131
4132
413%
4434
41 3%
4134
4137
41318
4136
414n
4144
4142
4147
4144
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TCI1)Y = TINSA - 3,0 # A] 4145
179 TICYY = T(TY &= Y(1)Y = Y(IO 4134
IF(TS(NIIMRR ) = TINSA) 3,2.2 4147
2 TOUTNUOMBRY = TINGA o T 49{4F B
B TSTOR(1) = TINSA 4149
TSTOR({2) = TINSA 4150
TSTOR(3)Y = TINSA 4151
EMOV{TY = aMVT{NUVBRY - ' - - 4157
EMDV(2) = AMVI(NUMBR) 415%
EMDV3) = AMyT(NUMBRY 7 T 4154
AMVE (NUMRR)Y .AMVI(NUMRR) 4155
B TATS(NTOMBRRY 0 ' T T e 41584
AFSINUMRR)Y = 0 0 4157
TCOOP = =1 T T T T e s s e T FI5R
6N TO 1Nn§ 4159
3 BFTAI R LU0 4+ 0,45 & (TIN = TINSAY 7 (TINGA < 625.0) 7~ TTTTTA9Em T
67 RETA? = 2,72 = RETA1 - 1 ?2 4161
T TTTINDXS =y T T ) ' o 4186?
STOR(1) = BETAZQAMDG(NUMBQ)'3.42 + AMVI(NUMBRYI®BRETAY 4167
- T THETYV15 TN THE NEXT FAR, 15 THE CORR, T0 THE THFDRET, HT,LD8S EN, T
STOR(?)=1,15 & AMDGI(NUMRR)#¢{N620N0,/PMnse1,112
- CSTOR{IY = DITN % ELC ® 1,394 /{0,N24 +(NDTN"< DITV)ZEKTHY 41865 T
STOR(4) = (DOINeDOIN = NDIIN®DIIN)&® EXTH 7/ ELC 41664
- STOR(S)Y = (DOIN = DTINY « EXKTH &« FLE /7 IDOIN & DITINY I - Y A
STOR(A) = 1,495F=10 % FISP & 73 » C7 » DOYN L4 ELC * ET 41 6R
- - CSTORT7)Y = YF1 & ELC ® EKF /7 Wt ’ S U480 T
STOR(A) = D,238FE=10 » 724 » C5 & EF = DOIN # &LC 417
o TQTOR(9)Y) = Wi2 # TF{2 & FkF / FLC I B S I X B
STORE = 72 « C2 # EF » F C « w1 41772
~  STOR(ID)Y = STORF # (C6 + F3I&P)Y » N, 95F-43 =~ T T gy
STOR(11) = STORE # (CHh + F4SP) # 1,9t-11 4174
77 7 STOR(12)Y = STORE # (CA + F55P) # 2,R5F«11 4478 T T
STOR(13) = STORF # (C6 + FESP) = 3 aE-11 4174
TTTSTNRI(TAY £ TF? & FLC & FKF / W2 - A A
STOR(15) = W23 & TF?3 # EKF / ELC 4478
~ STOR(16)Y = TF3 « ELC » FKF 7 W% ' ' i o C 47T ¢
CNST(1) = 40,N#STOR(1)«TINGA + GTORQZ)GFFOG(.0237'(TI\9A 460 fi)) 414n
N CNETI7?T = TE4UNUMRR)Y & STNRIE) T T TRy T
CNST(3) = TS4(NUMBR) & STOR(R) 418D
o CNST(4)Y = YS4UNIIMRRY # STARILNY ' o 4R
CMST(8) = TS4(N'UMRRY # STNR(11) 41 R4
o T CNST{RY € TS4(NIIMRR) # STDRU17) ' I & R
CMST(7) = T§4(NUMRR) » STOR(i‘) 41nh
TTTTTTTTUTNSTURY E O, ' ' ’ T T TaYBT7
CNST(9) = CNST(2) 4988
CNSTUI0Y=z CNST(%Y T ’ o ' T ' T T gYR T T T
CNST(11)= CMNST(4) 419n
B o1 i =% & & -3 TN of, V1 % f 4% JE 3797
CNST(13)= CNST(6) 4197
- CNST{IZdYE CNST (7)) TTTm o mm T e [ 2
CNST(15)= 0,0 4194
O TCNST(16Y= TNST(?Y T o - LRRA
CNST(17)= CNST(3) 4196
CNST({{iBY= CNST(&} ' o 4197 -
CNST(19)= CNST(S) 419R
CNSTU?DYE CNSTUEY LR A
CVST(’i)' CNST(7) 421N
TU8S =T Tt o T T s = o s 470

FIGURE D-8 (cont'd)
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1nn CONTINLE 4207

— PR TR e g
ne 2n8 J = 1,22 4204
2n8  PERIVEJ, 1) = 0,0 4705

NERTVI1,1) =2=30,0#8TOR(1) =~ STOR(Z2)#EF##(,N1185#(T(1)+T(8)=92n,)) 4206

) 1 % ,(011RS - C1 # STOR(I) = €3 % STOR(Z) / 2,0 © 4207
NERIVIZ,1) = C1 » STOR(D) 4208
PERIVIZ, 1) = C3 » STOR(3ZY / 2,0 4200
NEFRIVIB,1) =2=30,0#STOR(1) = STOR(?)#EF##( ., N11A5#(T(1)+T(8)=92N,)) 421N

B 1 * ,N118% o ' ’ T 4211
NERIVI1,2) = C1 # STOR(3) 42172
NERTV(Z2,2) = = C1 #% STOR(Y) =~ ,A1N9 & ¢4 # STOAR(4) ~ 1,7 » £2 & 4213

1 STAR(S) =« 4,0 # STOAR{LA) # T3(2) 4714
TTONFRIVIZ,2) = 1,7 & €2 % STOR(B) 4215
NERIVEY,2) = ,0109 # C1 # STOR(4) 421k
NERIVEL,3) = C3 #« STOR(3)Y / 4,N 4217
NERIV(2,3) = N,B5 # C?2 # STNR(S) 471A8
NERIV(IN,3)= ,002722 # €3 » STOR(4) 4219
NFRIV(4,3) = 6,67 % STOR(7) 422N
TTUTTTTUUURAFRIVIZ, Y)Y SDERIVIEL,3) -DERTVILN,T) < DFRIVEZ,3)Y - NERIV(4,T) 4221
1 = 4,0 # STOR(B) # T3(3) 4227
NERIV(3,4) = DERIV(4,3) ' ’ 4223
NFRIV(11,4)2 ,002N85 * STNAR(9) 47224
NFRIVIG,4) = 2,22 & STOR(?)Y 47228
NERIV(4,4) = =DERIV(3,4) =DERIV(11,4) =NFRIVIK,4) =4 ,N+STAR(LN) * 4224

T 1 T34y 4227
NERIVI4,5) = DERIV(5,4) 4228
NERIV(12,5)2 ,0N417 * STOR(9) 4229
NFRIVEE,8) = 1,334 # STNR(7) 4230
NERTY(R,%) = «DFRIVI4,8) =DERIV{iI?,8) - DFRIVIE,B5)=4,NsCTARCITY # 4231

4 TI(S) 4237

T MERIVIE, LY =2 NERIV{A,B) ‘ ’ 4233
NFRTV(I13,6)=s ,00674 « STNR(9) 4734
NEFRIV(7,6) = ,952 & STAR(7) 473R
NFRIV(6,6) = «DERIV(S,6) =DFRIVI13,6) « NFRIV(7,8) = 4,N #STOR(12)147236

1 % T3(6) 4237
NERTIVIE,7) = DERIV(7,6) 47 3R
NFRIVIiaA,7)= JOOR3I4 # STARIG) : 47239
NERIVE7,7) = =DERIVI6,7) =~DERIVI14,7) - 4,0 % STOR(13) # T3(7) 47240
NERTV(1,B) = 30, # STOR{Y) + STNR(2) # EE##({ , N{1AS#{T(1) + T(R) =~ 4741
1 920.)) & ,MN11RB 4242
NFERIVIS,R) = NDERIVI{?,1) ‘ 4743
NERTVEIN, )= NERIV(3,1) 4244

" NFRTVIB,RY 2=1Q, # STOR(1) + STNR(Z2) *EF##( ,N11RG#(T(1)+T(RI=02M, 14245
1) # J011R5 - STOR(Z2)*EF##(,ON7904(2,NaT(RI+T(21)-1380,)) *#,NNP79n 424+F

? -DFRIV(9,8) =DERIVIIN,R) 4247
NERTV(21,8) =z=20, # STOR(1) =~ STOR(P)wEFax(,ON70n #(2.#T{(A) + 4744
1 T(21Y -1380,)) # ,No79n 4749
TFRIVED,8) = DERIVI9,2) 42519
NFRIVELS,9)= NDERIVI?,9) 4257
NERIVILIN,9)= DERIV(Z,2) 4253
NERIVIG,9) = ~DFRIVIB,9) =~DFERIVI2,9) - NERIV(15,9) ~ NDFRIV(1N,9) 47254
1 - 4,0 # STOR(6) » T3(9) 475%
NFRIVEA,10) = DFRIVIZ, 1) / 2,0 4254
THERTIVI3,10) = DFRIVILO, )Y T 428%7
NERIV(16,10)s DERIVIZ,10) 4258
NERIVI9,10) = DERIVETZ2,%Y ~ 77—~ ) ’ 4259

 FIGURE D-8 (cont'd)
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DERIV(11,10)= 6,67 # QTOR(14)

476N

DFRIVIIT, 70 ~DERIV(E,IO) DERIV(S, I0Y = DERTV{TE, 1M DERTVI9, 4761

1.10) - DERIV(11,10) - 4.0 « sroaca> * T3(10) 4767
TPHERIVUID,TIYE DERTVIIT, 10V~ [ 1 X S
DFRIV(4,11) = DERIV(11,4) 4264

""" NERTVII7, 1178 ,N020R5 & STOR(ISY 3765
NERIV(12,11)= 2.22 # STOR(14) 4266
DERTVUIT; TIY € *DRERTVUIN, TI)Y ~DERTVUS,; 11 =DERTVIY 7 TY Y=DERTVU{?; 4767

B 1 11) - 4,0 « STOR(10) # T3(11) 4760

DERTVIYIT,12)Y = DERIV(IZ. 11y 4769
NFRIV(13,12) = 1,334 « STOR(14) 427N
NERTVUS. 17T DERIVIIZ.5T. S g5
NERIV(IR,12) = ,0N417 # STOR(15) 4272

o NERTVTIZ, 127 = =DFRIVITI, 1275 DERIV({3,17) =DERIV{S,i727 = i77% -

1 NDERIV(1R,12) = 4,0 # smmn& * T3012) 4274

© PERTV(17,13) £ DERIV(13.12) A+ A T
NERIV(14,13) = ,952 » STOR(14) 4274

T T MERTVIE,I3Y = 00624 ¥ STORU9Y T T T T 3777
NERIV(19,13)= ,00624 * STOR(15) 427R

T UUUDERTIVEISS Y3YE SDERIVILZ: I3 = DERIVI1E, 13) - MERTV(R,13Y & 5779

1 nEaxvt19.13> - 4.0 » STOR(12) & T3(13) 4750

- TTMERTVITI, T4) = DERIVI1Z,13) Y V{5 R
NERIV(7,14) = DERIV(14,7) 4287

TMERTVIZN,14) = 00834 % STOR(I®) o e 83
NDERIV(14,14) = -DERIV(13,14) =DERIV(7,14) =NERIV(20,14) = 4244

T AT STORUIZY e T3(14Y ' - ) 371%
NERIV(15,15) = DERIV(2,1) aPnk

T UUMERIV(I6,15) = PERIVIZ, ) 4287
NERIV(R,15) = 40, * STOR(1) + STOR(?) « EE##(,0N79N #(2,N*T(R) + 4PAR

o 1 T(21)-13RD, )Y+, 00790 - T ~47RY

?  DERIV(15,15)/3.0 = DERIV(16,15)/3,n 479n

ST TOFRTVIZ1.1%Y =-4Nn.0 # STAR{1) + STOR(?) # FFea( . NO79N#(2.N # TI(R)Y 4791 -

1 + T(21) -1380,)) =« ,N0790 - 4297

TP RTAR(ZY ¥ FEee7,N237 &0 TU21)  -46n,))%,M237 39T -
3= 2.0/ 3,0 % ( DERIV(15,15) + DERIV(16,15) ) 4794
- "NERTVIS,18) = DERIVI2,{) /7 3,0 4795
NERTV(21, 16)= 2.0 ¢ DERIV(8,16) 4794

T T DERTIVIY,TEY = DERIVUSGZY T 4797
NFRIV(16, ﬁ6) = NERIV(3,2) 4790

) CDERTVUIB,16) =-DERIV{2,1) =~ DERIV(16,16) =DFRIV(9,14) - 4299

1 4.0 * STOR(6) » T3(15) 430n
RERTVIR,17) = DERIVI3,IY 7 64,0 4301
NERIV(21, 17)= DERIV(B,17) # 2.0 4302

T UTERIVUINGI7YE DERIVULD, ) . 433
NFRIV(15,17)= DERIV(2,3) 4ina
DFRIVIIZ,17Y = 4,67 & STORI14) ' - 43n%
NERIV(16,17) = -DFRIV(R,17) # 3,0 =NERIV(1N,17) = DFRIV(15,17) 430k

T Uy SDERTIVII7,17Y + @,0 ® STOR(RY % TI(IEY U I
NERIV(16,18) = ﬂEQIV(17 17) 43R
NMERIVUIT,I®Y = DERIVTI7 1YY - o - e 39 A
NERIVE18,18) = 2,72 # STOR(16) 431n

o WFRTVU17,9RY = -DFRTVEi6,18Y =DERTVII{,{R) =DFRTVI{R,¥RY = 3379

1 4.n % STOR(10) « T3(17) 4312
NERIVE17,19Y = DERIV(1B,1R) 4313
NFRIVI19,19) = 1,334 » STOR(16) 4714
TERTVIIZ, 197 = DERIVIIR,17) LA A
NERTVILR,19) = =DERIV(17,19) ~DFRIVE19,19) =DFRIV(12,19) « 4314

{ 4.0 & STORU{1) & T3C(IBY  ~ = =~ 7 S T 4317 -

FIGIRE D-8 (cont'd)
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NERIV(1R,20) = DERIV(19,19) 431R

THFRTVIZE,720) = .952 % STOR{16)Y ' T T T e s T G
PERIVE13,20) = DERIV(19,13) 432N
NEFRTVU19,20) = ~DERTVU{8,20) =DERIVI20,20) =DERIVIi3,;?n) « 3321

1 4,0 % STOR(12) # T3(19) 4327

CODERIVE19,21) = DERIV(Z0.,20) : ‘ C ©4I2R
NERIV(14,21) = DERIV(2N,14) 47324
RERTVTZ0,21) = =DERTV(19,21) -DERTV(14,21) = 4,0 * STOR({II&TI(ONIAITS
NERTVI22,2) = CNST(1) + 3N, # STOR(1) #{(=T(1)=-T(8)) -~ STOR(2) # 4326

4 EE %% (,01185 % (T(1) + T(R) =~ 920,)) -STOR(3) #(CrulT(L)=T(2)Y 4327

2+ C3 /7 2,0 % (T(1) = T(3I))) 4732R

NERIV(22,2) 3 C1#STAR(IIS(T(1)=T(2)) - A, N1N9 # C1 # STNAR(4) 47329
$ (TE2)=T(9)) = 1,7 = C2 » STOR(G) # (T(2)=-T(3)) « STOR(A) T3(2) 4733n

CTTSTRTY(ZY + CNST() 4331
NERTV(22,3) = CNST(3Y) + C3 % STOR(3I) / 4,0 = (TC1) = T(3)) 4332

1 = .0N27272 » C3 » STOR(4) # (T(3) = T(10)) + D,AS # (2 » STAR(S) 473373

2 % (T(?) = T(3)) = 6,67 % STOR(7) % (T(3) = T{4)) -~ STHR(B) = 4334
TR OTIC3Y 4 T3 ) ' B 4338

NERIV(22,4) = CNST(4) + 6,67 # STOR(/7) # (T(3)=T(4)) =,NG2NRS = 4334
1 STARIY) #* (T(4)=T(41)) =2,22 # STOR(7) #(T(4)=-T(5)) - STARI{N)* 47337

? T3(4) = T(4) 433p
NFRIVE22,5) = CNST(5) + 2,22 # STOR(7) # (T(4)=T(5)) ~,N0417 # 4339

1 STOR(9) # (T(5)=T(12)) -1,3344STARI7) # (T(5)=T(6)) - STAR(11) 434N
? » T3LS) » T(5) 47344
NERIV(22,6) = CNST(6) + STOR(7)# (1,334 #(T(5)=T(6)) -,952 « 4342

L TUEY =" T(7))) =,00624 # STORU9) # (T(6)=- T(13))-STOR(12) #» 4343
? TILEY » T(6) 444
NERIVI22,7) = CNST(7) + ,952 # STOR(7) & (T(6)=T{7))= ,NOAR34 « 44%

1 STOR(G) # (T(7)=T(14)) = STOR(13) # T3(7) « T(7) 4346
NERTVI22,R) = CNSTIB) + {0, « STOR{{) # (3,% T(1) = 2,#T(21) 4347

1 =TCR)) + STOR(?)#EF##( ,011R5#(T(1)+T(B)=920,))=STOR(?)#EF#» a3an
CPTUINNTONE (2, #T(RY+T(21) =13R0,))= STOR(3II#(CL*(T(RI-T(9Y) + 4340
3 C3 /2, « (T(R)= T(10))) 4350

NFRIV(27,9) = CNST(9) + CAL#STAR(IIS(T(R)I=T(9)) +,NiN9*C4#STAR(4) 4351
1 #(T(2) -2,#7€(9) + T(15)) =1,7#C2#STOR(S)I#{T{9)eT(1N)) =-STNR(A) 4152
2 & T3(9) » T(9) ' 43573

NERTVE22,10) = €3 /4,0 # STOR(3Y #(T(B)= T(10)) +,NOP722 & C3 » 4154

1 STARTA) » [TU3) - 2, « TUI0) + T(16)) + ,B5 * £2 # STAR(S) #» 435%

2 A(T(S)=T(IN))=6,67#STORI14)#(T(10I=T(11))~STOR(AI®TI(I1MIaT(IN) + 4356
I CANGTLIN) 4357

NFRIVE22,11) = CNST(11) + 6,67 % STAR(14) # (T(10)=T(11)) +,NN2NH85435p
1 # STOR(G) # IT(4)=-T(411{)) =,002A85 &« STAR(ISIS{T(11)~-T(47)) = 2,224359

2 # STOR(14)% (T(11)=T(12)) = STNR(1IN) % T3I(11) # T(11? 436N
MERTIVIZ?7,12) & CNST(12) + 2,27 +# STAR(14) # (T(44)=T(12)) « 4,334 45K
1 % STOAR(14)Y# (T(12)=T(13)) + ,0N417 % STOR(O) # (T(S)=-T(172)) 462
2 = STOARU1Y) & T3I(421#T(12) =,NN417»STAR(ISIH(T(12)=T(4R)) 4367
NERIV(22,13) = 1,334 » STOR(14) # (T(12)=T(13)) =.952 « STOR(14) 4364
1 * (TU13)=T014)) +,00624 * STOR(G) » (T(EI=-T(13)) ~,NNkP4 # 4165

? STAR(15) » (T(13) = T(19)) = STOR(12) » T3(13) # TC13) + CNST(13)430k
TERIV(22,44) = CNST(14) + ,957 # STOR(14) # (T(13)-T(14))+,NNR34 4367

¢ % STOR(Y) # (T(7)=T(14)) =,0NARI4 # STOR(IB) # (Tl14)=T(2N)) 434R
? = STAR(13) « T3(14) & T(14) ' 4360

NFRIV(22,15) = STOR(1) # 40,0 # (T(8”) - T(21) ) + STOR(?2) » 437n
1 FEea(,NO79R & (2,#T(AY + T(21) “138N,))=8STOR(2)«FFuu( ND37% 43714
2 (T(21) ~460,))= C1 » STOR(3) / 3,0 #* (2,#7(71) +T(R)= 4377
3 3,NeT(45)) « C3 # STOR(3) /7 6,0 & (2, #T(21) +T(R)=-3,4T(416)) 437

CDERIV(22,16) = CNST(1A) + C4 # STOR(3) 7/ 3, Nu(2,#T(21)+T(R)=3, & 4174
1 T(15)) +,0109 # C1 » STORUAY » (T(9)-T(15)) ~=1,7 # C? # STAR(B) 4375

FIGURE D-8 (cont'd)
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? % (T(15)=T(16)) - STOR(6) & T3I(15) & T(15)
DERIVIZ7,1I7Y = CNSTI1I7) + T3 » T

o +

1 - 3,#T(16)) +,0N2722 & C3 STOR(4) . (T!iU)-T(ib)) + 85 s C2

- # STOR(B) & (IfIST TUI8)Y = &.87 STORT
3 - STOR(B) # T(16) = T3(16)

T RERTVTZZ,18Y = CNETII®) 6'37__—5TFRTTKT—~_TTTI3T_—_TTT7TT__“——_—1331_*————

1 +,N02085 # STOR(15)# (T(11) = T(17)) - 2,22 & (T(17)~ -T(18)) 4382
? - STOR(IM) & T3¢(I7Yy &+ Y(iN 43R
- NERIV(22,19) = CNST(19) + 2,22 & STNR(16) & (T(17)=T(18)) =1,334 413h4
1 » STOR(I6Y » (TUIBY-T{I9Y) +, 00417 # SYDRUISY ® (TUIZy=TU(IAY?Y L3121
2 - STOR(311) » T3(918) » T(18) 4384

MERTVUZ22,207 = CNSTI2M)Y + 1,334 ®« STORTL6)Y & (TUIBY=TUIT9)Y =,957 4387

4 & STOR(16) & (T(19) = T(20)) +,0N6724 » STOR(15) # (T(13)»T(19)) 4738A
T 7?2 = STYORU1Z) &« T30I9Y & 719} T 4789 -
CERIV(2?2,21) = CNST(21) + ,952 # STOR(16) # (T(19)- T(?n)) -.onaza 439n
T % STORU15) » (Tl141-T17ﬁ7)-STOPITB)*TB(ZﬂiﬁTrzn) R & 1k R
nn 104 1=1,21 4392
104 DERTV(22, 1) s =DERTV(2Z,1Y - 471973
CALL. CROLY 4794
I o B d o X 9-005 YA R R £ 120 -8 - o 51 - T
200 WRITE (ITP?2,2003) 4394
TPNN3 T FORMAT({/33K 20 CYCLES==FATRIX NOT CANVERGED 7V ) T £Y97 B
GN TC 6N1 439¢
201 STORE =0,0 N Y A C L
nn 203 1 = 1,21 4400
TTTTTTTYUTY = TUTY O+ DELTAUDY Y £ Ak
_2n7 TICTY) = T(I) # T(1) » TvC1Y 4402
T UYECARS IDELTAC(INI-STOREY 20%,20%.708 T4dny o
2n5% STORE = APQ (DELTA(!)) 4404
2R3 TAONTINLE T S T 4405 o
IF(STORE=-Y,N) 206, 206, 100 4406
CZRE T UYRUINUYRRY = oTIon ' 44n7 T
RFTIC = 1,0 + 0. 45 # (TIN = TINSA) /7 (TINSA ~ TOU(NHMHQ)) 4400
‘F?Aﬁﬁ'((FETlc - RETA1) / BETICY -.05) 103, 103, 107 ~ R 5 o1
1n2 RFTAL = RFTIC 441r
T TTILORP =2 1LD00P + 1 4411
IFCILOCP = 6) 672, 103, 103 441?
TTANY T STORE € TOUTNUMER) T Y . B
RYS(NUMRRY = (3, 4?OPETA?¢AMDG(NHMRR)*RFTAliAMVI(NUMPQ))-6n,-FN/q 4414
1l(TIh§I-§TCRF5 + STER(?2) « EN/S ' T
? % (EE«s(D, ﬂ237*(TIN9A 460 ) -EE!S(O 0?37¢(STORE - 46n ))) 4416
- AFSUNUMRRY=T, T
no 6100 U=1.3
R A S L R Y YV )
1SURz7a(=1) +
6100 AFSINTIVRRYEAFS(NUPBRI+STORT 1 +6 ) # (T3¢ ISURI*T( JSURY~" T T
1 TS4(AUMER)Y) & 2, % FN/S
TSTAR(YY = T{1) - 4419
TSTNR(2) = T(8) a42n
- TSYORUIY © 0,667 ¥ TOUINOVBRY ¥ U333 @ TI®Y ™~ - —— === gy 0
115 rn 161 1 = 1,3 4422
N i e~ 347%
) IF(ILNOP)Y 106,107,107 4424
107 PGA(T) = 6.6BRE-Q7«FE##{D,02531 # TSTORUI)) 4428
EMBV(]) = 6,06 # AMDGINUMRRY /7 (PM / PSA(1) « 1,1) 447K
ing TSHTYY = TSTOR(YY # AT & (TIN = TINSAY 7 6,17 Z477
RM(T1Y = (776, & AMOG(NUMBR)Y + 85,6 « EMDV(])) / (AMDGINUMBRY + 442R
¢ EMDVITYY . o o T oo 489 -

FIGURE D-8 (cont'd)
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1%94

160
18t

1A2

222
223

224

225

227

278
229

I) = 144,00 » PM / (RM(]) # TSH(1))

)
) 11, RE+06 # ROM(1) » YM(1) & DIIN /7 (TSH(]) + 315,)
1Y = .11 & UM(T) & SQRT (ROMUIJY*#{AMVIINUMBRRY<EMDV(TYY 77171
) = 2,B3E+04 s (AMVII(NUMBR)=EMDY([))/({ERI, ~TSTAR(TI) 4N IN)
TF(RE(])Y - 2000.) 153, 15%, 154 ' T

FR(!Y = 64,0 /7 RF(1)

Kn to {57 v

TF(RE(]) « 4000,) 155, 156, 156

FROTY = N, 00277 # RF(1) a8 (,322)

GN TO 157

FRUIY) 2 0,316 7 RE{Y)Y aw (,25)

IF(RF(!) » 200,) 158, 158, 160

TF(WEF(IY - 3,) 1459, 159, 160 o ’

STORE = (AMVIINUMRR) « EMDV(]) ) * (663, = TSTORCIY) #
4 ROM(Y)Y /7 (FRUTY # RE(YY #(EMDYCIY+AMDGINUMBRII®{TSH(1)+315,n))
NR(1Y = 12,93 # SART (STORE)

IF(RE(])Y =« 2000.) 1%92, 1592, 1594

STORE = 1,0 + DR(1)

TPHIUT) = STORE#STORF#STORF#STORF

O TO 161

PHI(I) = (0.5 + SART (0,25 + DR{I))) #» 4,75

60 T0O 141

PHICLY = (AMDT(NUMBR)Y / (AMDGI(NUMRR)Y) + EmMPV(13})) #& 0,75
CONTINLF

THREC T DY
N 1672 1 = 1,3
RRC s DPC 4PHIIT)IWFRITISROM{ T Y% YM{TYRYV (1)

NPC = 4,31E=04 = ELLC # NPC / DI1IN
IF(TLOCPY 241,210,210
PSE 8 6,65RE«N7 % FE ## (0,02531 # TOUINUMRR))
CAMVFUNUMERY s 9,08 # AMNDGINUMRR)Y 7/ (PM / PSF =-1,00 )
NPENT = 1,NBE=04 % FROM & EYM & EYM
NIHA = N8 &« DIIN o SART (EN /7 (21 » S))
NEMA = NIHA
REIMHA = 11,RE+D6 # FROM » DIHA # EuM
TF(RETKA = 4QN0,) 272, 221, 221
NBtK = 1, 025E«0d4 &« FROM # EVM # EuM
1 # REIWA a9 0,25 )

/ (TIN + 316,)

# WBARY / (S e NDIHA # 71

GO TO 278

IF(REIRA = 2000,) 2723, 223, 224

NPRIH = 2,08F=N2 # EROM « FyM & FyM # WRARL / (S » NIHA & 7¢
1 # REIHA)
RN YD 725

NPIW = N,AG9FE«06 # FROM » EUM » EVM
1 (S » DIKA » 21)

RME z(AMCG(NUMBR)®*#776,+AMVE(NUMBRR)Y®#R5,6)/( AMDG(NUMRR )+
1 AMYETNNVRR)Y )

ROME = 144, « PM / (RME » TOU(NUMRR)Y)

VME=3 N6 CAMDG(NUMBRY+AMVE (NUMBRYY/Z(ROMFaNTIN#DIIN)

RFEFHA = 11 ,RE+06 # ROME # DEHA # UME / (TOUINUMRR)I+3I1S,n)
IF(REEKA = 4Annp,) 228, 227, 227

NREH = 1,025E=-04 # ROME # VYME # VYME # WRARE / (S # DEHA # 729 »
1 RFEHA #& 25 ) i '

6N TC 21

IF(REFKA = 2000.,) 229, 229, 23p

= 3,08 % (AMDG(NUMBRY + EMDV{1)) / (ROMUIY«DIIN®DTIN)

443N
T4
4432
IN 4433
4434
443%
4436
T 4837
443R
4339
464r
44410
4447
"848
4444
4447
4444
4447
444n
4440
445p0
4454
4452
4487
4454
4455
4456
4457
4455
4455
4460
4461
4467
4467
4464
4465 "
4466
44587
4468
4450
447n
4471
4477
4473

a WRAR1 # REIwA %% N,372 / 4474

4475
4476
4477
447¢R
4479
4440
4484
44R7
4487
44864
4435

NPEH = 2,NRE=-N2 #» ROMF * UME # VUME « WBARF 7/ (S # DFMA % 71#REEHAY4484A

60 TO 231

FIGURE D-8 (cont'd)

4487




230 DPEW = N,899E-06 # ROME & YME & YME & WRARE & REEHA®#e® 0,322 / 4488
1 (5 « DEFE & 713 4489
234 NPEX = 1,NBE=N4 &« ROME # VME # VME 4490
- W E 7,I5E-04 ¥(FROMFEUMEEVM — —= ROMESUMERVME) 4451
DPTOT(NUMBR)Y = DPIM + DPENT + DPC + DPEX + DPEMW = DpMpM 4492
REEN = 11 ,BE+N6 % ROME & NIIN & VME 7 (315, ¥ TYOU{NUMRRY) 4393
! STORE = (AMVI(NUMBRI=AMVE(NUMBR))#(683,N=TOU(NUMBR)) +1,E=3n 4494
FNUETNUMER Y E(D T INZSTOREY## 0, 333333 % (U, D8 2ZS#¥ROMESVVENYNE 339%
1 / REEN ##0,25 + 0,4325#(AMV]I(NUMBR)=AMVE(NUMBR) )#VME/(DIIN®ELC)) 4496
T8N CONTINCE — . 4397
nePTM =z n,n 4498
‘”“‘“Uﬁ”bTI—T"E“IiINTS“’"“"””""“ T 4399
214 neTM = DPTM ¢ DPYOTI(I) 4500
STORE & INTS LT S T e e e asuy
nPYM = NPTM / STORE 4502
TUIMPTEIDR R Y T T s s e T TTRREYTTTT T
NN 163 T1=21,INTS 4504
! - TFUABS ((DPTM=DPTOTITY ~— J/7DPTMY=,N2Y 163,163,165 50w
| 163 CANTINLE 4506
—— N TTiBT - - . o . S . gERT
165 IF(!DPeé) 168, 164.164 4508
"—m"“FVDTC TT O oo T T Co T e [:3=kph"]
n% 166 1=1,INTS 451N
- TAMTCUYY =ETDPTM # ANDYLTIY 7 MPTOTITY 7T Tt e e s e g
A 166 EMDTC = EMDTC + AMTC(I) 4512
T TEMOTC = EFDYC WEN 7 B T /T T
NO 167 ! = 1,INTS 4514
TTHB7 T AMDTUIY F OEMYID{IY =2 (EMNG+EMDUNY / EMDTE 4515 "
60 ¢ 77 4516
T {6d T DA AR Y ETVINTS T T T T T e e 4517
IF(TYCUL)) - a492,) 1R9, 4R9, 1ARS8 451 R
T{RR T EONTINCE S T 4819 -
GO T 199 4520
1R9 TENGS = EAS & S B o N R 1- YL R
WRITE (1TP2,2006) ENSS 4527
~20N6 FORVATIAK RS, 8 = F5,1,16H FROZEN SFGMENTY ~ e
rFtEnss-x.ni)i 11 4191 4524
191 FANS = ENSE < 1,0 /8 7 oot T 45%7% -
L IMTS = INTS = 4 4824
- TG IC 64 B T 4527
195 TMXY = n,n 4525
e L L T T R : _ . D M
nn 196 ! =14, INTS 453M
_‘ TP = TVYY T EMVFTTY @ TOAUTT) 4531
196  TMX? = TMX2 + AMVE(T) 4532
TOMIX = TPXT / ¥MX2 T T o o T TTR3Y
PAMIX = 6,658E-N7 # EF ## (N,N253¢ » TOMIYX) 4534
EMDUV = §,06 % FMDG /7 (P™M /7 POMIX = 1,) 3535
SHOUT = EMDVUM / EMDG 4534
RTOT =717,0 CoTTTTmmmmmm e T T T T T T E537 -
NETY = 0,0 4538
Y234 7 = {,INTS T A T 3539
ATOT = RTOT + QTSI 454n
T P%4 T AFT EGFT + QFS(I) 45481
ATT = GTOT - NFT 4542
235 FNSE = FRS ¥ S 358y
WRITE (1TP2,3333) 444
TT333F OFARMEAT(77Y T T T T e s B 4538R

" FIGURE D-8 (cont'd)
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WRITE (17P2,2008)

TOMIYX,POMIX,FNSS,GTOT,GFT,ATY, TINSA, 4544

CCTTPTR SHEUT T, TSCTY, AMDGT Y, AMVTCTY, AMVET 1Y, TOUT T Y, ENUET LY, 777 4537
2 131,INTS) 4548
2n0R  FORMAT(OXSHTOMIXOXSHPOMIX4X4HS NSTOX4HATOTLTXIHOFTLIXIHATTIY 4540

1BHTINSAIOX4HDPTMOXSHSHOUT/ , IXSHDEG RIOX4HPSIALBX4HB/HRINXA4HR/HR 455N
21 AX4FR/HROXSHDEG R1{X3HPS1/ ,2F14,5,F8,1,3F14,2,F14,5,2F14,8 7 , 4551
T2IXPHTS12XIHMG 112X 3HMY 112X THMYE 12X 3mTNLII2XIHNLE/ , 20XSHNFG RAX 4752 |
ATHLRSZVINRXTHLBS/MINBX PHLRS/MINLOXBHDEG REXIWNG OF G,5/7 , (3X,17, 45573 !

5 5X,6F15,5))
IF(TOMIX-TOUTM)
TNTE = INTS - %
FNS = ENS - 4,0 /7 S
TFCTINTS)Y 601,601,64

1,601,601

&M OONTINLF

6N TC 6N0
END

TTUURTURRTUTINE TABLE ' ) -

NIMENSIAN CCC(9,3) ,777(9,5) ,C(9) , Z¢9),NERIV(22,21),DFLTA(21) 4567 |

CAMMEN RN, JB5,  THALT, INDXS, 4567%"
{ DFRIV, CELTA, C, Z, Y1, Y2, Y3, Y4 , 1TP1, |TP? 456¢

- C CREATF RADTATOR IANPUT TABLF ) - B . -1
c PROGRANM CONSTANTS -~ SFLECTION 456 A

MW"M“"'UATK"CCCVZZZ/Bii;n;3in}ﬂ?1.[?#0.0,1,1?5,,5,,75)“,.2&1.,.H?,T;T;75.4§67
1.75,]t,i.B,ﬂ.,2,.2'",.1...5.5'1.,ﬁ,,1.,ﬁ,.l..1.,.5,h..2“1..ﬁ.p4..?496n
?~1..1.5.3*.566.1.50..1.-0.33.02..3‘.7ﬁ7.1..ﬂ.o1..ﬂ;)d..1...5.”;n1-456°

4554
4555
4554
4557 1
4558

4550 !
456N

45817 T

3sNesleadialenl,/ 457N |
READ (17P1,1002Y I1,d.®X,L - 10 & o
1AM2  FARMAT(411) 48772
o WRTTE T 1TR2L AN YL JW KLY L R A A
10N%  FNORMAT{/RH PUNT IS ?2x411/) 4574
o tCcCea,1)Y = 0,5 - A L YA
no 1 It = 1,9 4576
cer4y)y = CCCUIt, 1) 4577
1 7¢19Y = 7727¢14,J) 48748
G Th (16,15,16,16,157,J I5779
15 7¢3) = C(4) 454N
16 CONTINUF 4581
IF(x=1) 2 , 2 3 45472
27 7YY =1, 45RT
y? = N, FLYY
GH TC 4 458%
3 v1 = 0, 4586
v?2 = 1., 4587
4 1F(L - 1) 5 » % 4 b 4R KR
5 ¥y = 1, 45RO
v4 = 0, 459N
RF THRN 4591
& Y3 = N, 45972
v4 =z 1, 4R9%
RETURM 4564
EXN C

FIGURE D-8 (cont'd)
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FIGURE D-8 (cont'd)

- SURROUYINE CROUT 4595
T BIMENSTION A(27,21), HIZ21) T 4596 o
. ComMMON N, US55, IHALT, INDXS, A, H 4597
RNy ot e TOERe ) ) - AR -
no 200 K=1,N 4599
e - e T
JaK 4601
DO Y00 TR, N T T T . B 130V A
SiIM=0,0 4603
— TFUI=IVIn, 13,40~~~ e R B 1.707 S
10 JF(1-1)13,13,11 4605
Ty R OT=0Y9T7.17 P10 B ) 480
17 1SMYzl=1 4AN7
T DD Y2 151, TSMYX o B h T T TT&RDORT T T
12 S/M=SUMSACIS, 1)wAt],1S) 4600
T I3 ACTVTYERTT, TYSSUM T T T CaEyT
GO TC 100 4611
TPy USMYEJeY S I o - TTTTTTTERYPTTT T
nA 22 JSs1,JsSMX 4A13
72 STUMzSUV+ATJS, 1Y *a(J,J5) 414
23 ACJ,1)=A(U,1Y=SUM 4A1R
100 CONTINCE T T T T e gRYIR T
_ t=K 4617
TR 200 JsK1.NT - 4RTH
IF(1<1)733,23%,234 462n
231 1SMY=l-1 4h21
o P37 IEE{,ISMY IR27
P32 StM=gIIMEAL IS, 12 al U, 1S} 46273
233 TFTATTIL TYIT50,3%1,3%0 4rP4
351 atJ,1)=n,0 _ 4h25
T UTTERA TR IO T ) 4624
IS0 ACJLI)S(AC, 1)=SUMIR(Y,7a0]1,1)) 4A27
200 EANTINLF anzn
C NAVF COMPLETED FIMDING THF DERJVED MATRIYX 4k2G
' OR 3A0 T8E1LN an3n
QM= , 0 4¢31
JS=EN=T541 4R3?
JS1=US+1 4633
AR 2" R'QE’JQ‘l, 4%34°
[F{¥S=-N)28n,2R0,3ND 4635
PRN SIIMEGIIN+ALKS, JS)#H(KS) 4A3A
3N0 W(JS)=A(NT, US)=SUM 4K37
N T3y 1- % S 4A3A
1F(20-U5%5) 302,302,303 4% 39
InD 1441 T = 96¢ 444n
T\MDXYS = 2 4641
“$n% RETIRN - 4447
Cup 4A47%
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COMPUTER FLOW CHART - ISOTHERMAL PERFORMANCE PROGRAM

READ INPUT

&
WRITE INPUT

TABLE

GET SET
OF
T8's

|

CALCULATE
AVERAGE TS
TS

AT

YES
: T1CG=0 4 s - !

NO

SOLVE
Lce
MATRIX
(AVERAGE)

!
i
ERROR
MESSAGE

CALCULATE ‘
» LsC |
(AVERAGE) |

ERROR NO
MESSAGE

YES

SOLVE T 1
i MATRIX CROUT

ERROR
MESSAGE

CALCULATE
INDIVIDUAL
MDT &
Lc
WRITE
ourtPUT
NO
CALCULATE
GET
INDIVIDUAL | AT TOMIX
Ts's END 3
TMIXX
REDUCE AT
NSeS  |END
NO
WRITE
ouTPUT

L

ADJUST
THETA

I S

WRITE
OUTPUT

Figure D-9
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SOURCE DECK PRINTOUT
ISOTHERMAL PERFORMANCE PROGRAM

T TSAR/T - ALL CONFIGS = PERFORMANCE PROGRAM ~ ~ =~ o= gapm -
. DIMENSION D(34,33) ,B(33),C(33),1SB¢7,33),T(33),RDCI33),ERCF(33,7)I5n01
LLHO3ISY LNTS12) , TSIN(I2,12), 80(42,12,2),EMTUX(12),ELTXIL?)Y , 5007
4 TS4X(1?). HCDX(12) ,TOU(12) .ww<9) TF(9),C0Z(3), TITLE(168) 5003
CAMMEBN CI.C?ZCB.C?aFB.C6 C7+C8,79,24,22,23,24,25,268,27,78,79, ~ ~~5N0%
1 Y1,Y2,¥3,Y4,1TP1,1TP2,N,H, JSS 1Js 5195
T TEQUTVALENCE (T45,TS4), (WWE1),Wids CWUE2),W2), (WWC3), U3, (WWEa),Wd),BN04
1 (WW(S), WD) (WWEE) Wi2), (WW(7),w23),(Ww(B),w34),(wW(9),v45), 5007
2 TR TR L CTRU2Y, TR, UTF(IY TF3)  (YF(4),TF4Y, (TFU5),TF5 ),  SNNR
3 LTF(B),TF12),(TF(7),TF23),(TF(8),TF34), (TF(9),TF45) 5109
- TTFNSPTUAVRY T =2 (A + B) '/ 12.%(4 + B) +CON2) 501N
1n03  FARMAT(12) 5M11
T 1TPY = & S T o - L SAb -
1TP236 5113
~ DATA T8B/2,1,7,32,3%0,1,2,3.,8,32,2#0,2,3,4,9,3#0,3,4,5,10.3¢n,4,5,5014
16,11,3¢0,5,6,12,4%0,8,7,1,32,13,2%0,7,8,9,2,32,14.0,8,9,10n,3,15,2#5"15
T 2M DI 1T,401%,240,40,14,12,5,17,20,11,12,6,18,3%0,14,13,7,37,49,5M16
32#0,13,14,15,8,32,20,0,14,15,16,9,21,240,15,16,17,1Nn,22,2#0,16,17,5717
"‘”4{%;?1}23]?60.17.13,12.24.3§ﬁ.31.1°.20.25.13]2#n.19.20}21.31}26)14.5ﬁ15'
5”:2‘112112?327515.?’09?102?4?302“01612'0022:?3024079017n?’nn739240 5m419
o 63N, 18,3%0,39,25,26,19,33,72401,25,26,27,31,20:33,0,76,27,28,2{,34n, BN
727,78,29,22,3#0,2R,29,3N,23,3¢0,29,30,24,4%0,19,20,32,33, 31,240,315024
TR, 55_33‘_3!5 1.7.43.2.R., 14,32/  ~ gEn22
2 READ (1791.1000) TITLE 5n23
1700 FARMAT(T6ABY ' o T ' 5n24
WRITE (ITP2,1000) TITLE 5n25
) READ { ITP1,I003INSETS o ) o T BhZA
nnoo1 I = 1,NSFTS 5n27
T READTTT T T (O 1TP1,10N03INTSIIY ) 5A2R
) K = NTS(]) 5729
1 T READR  C 1TP1,1004) (TSINCTLUYHQ0R(Y,U,9),00(1,4,2) 5n3n
1 ,J =1,K) 5031
- 10N4 FORMAT(3IFI0,4) ) ' ' Bh32
10N?2  FORMAT(RF10.4) 5133
R 11 0 A S.DTIN.DOIN, WBARY,WRARE,TFIN,TFAYT, SnN3a
1 ELT,ELCG,HFG,EM,R, p1R T1R, 7KC RHOL,VISL,CL,SUFT,CV,VISV,GAMMA, 5135
- 2 ALPHS,ALPHT, ZKTH, ZKF ,ET,FF,FSV,ENOS.PRP,EMDT,XIN,TCG, TCARPG, TTMTC,5M034
3 TMIXG , 5n37
A 1=} § | S ¢ 1TP2,R008)EN, S,DI1IN,DOIN,WBARYL,WRARE,TFIN , 5n3R
§ TFOUTLELT,ELCG,HFG,EM,R,PIR, TiIR,ZKC , RHOL,VISL.CL ,SIFT, CV, sn3Q
o P VISV, GAVVMA,ALPHS  ALPHT , ZKTH, ZKF ,ET,EF ,FSV,FNOS,PRP,EMNT,XIN, TCR, 504N
- 3 TCAPG TIMTC ,TMIXG 5n419
8NNAR  FNRMAT(S9H PERFORMANCE ANALYSIS PROGRAM ,ISNTHERMAL NDIRECT R/C  w5N49

1/SC/712F FIXED INPUT/OXIHNIXIHSEXAHD T INOXAHDOINSXSHWRARISXSHWRAREHYSMNEY

24HTFINSXSHTFOUTAX2RLT?X3HLCGY X 3HHFGOX1HM/20X2¢ 6 X4NINCH) 2 (RX2HFTY 2 (5r44
36XAHINCH)2(BX2HFTIOX4HR/LR/12F1N,4/9X1HRIXIHPIRIXIHT IRAX2HKCHX 4HRHENEH

T A0LAXAHVISLUAX2HCL 6X4HSUF TBY2HCVAYXAHV ISYSYXSHGAMMASXSHAL PHS/&X4HFT/R 5044

S6X4HPSIASYSHDEG R30OH R/HR FT F LBS/CU.FT LB/FT SEC4X6HR/LR FAXEHLIEN47

AS/FT3IXTHB/LRS Fi0H LB/FT SEC/SF10,4,7F10,7/5X5HALPHTI X 3HK THRY DHKFRGA 4R

FIGURE D-10
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TXPHETAX2HEF 7X SHFSVIX3HNOS?X3IHPBPIXIHMDTIX3HX IN?7XIHTCGHXSHTCAPG/  5N49
A 10¥2 030K B/HR FT FIS3XTHUBS/MINTOX2USXBHDEG RY/12F10,47 BYXSHTIVTCBASA

9 BXSHTMIXG/2(SXBHDEG RY/2F10,4/7) 5NSY
 CALL TABLE o ’ ST e e o 5A52
. Istr =0 5n53
Av24 = DIIN /(24, «yISVYy S 5N%4 o
viga = 4000, *Y3 * Y{ + 10000, # Y2 5n55
TTTTTTTTTTTTHEAPLE = CL O RHODL  #7KT 7 VISL T o e oo BASE
Y1477 = 1,375 # Y1 & VY4 5157
- IF({PBP ) 551 , 550 , 551 A Tl 3
55N THETA = 10, 5159
- 6N TQO 852 ’ o R ' o Clal Y4
551 THETA = 0,25 5061
T8RP FNE T = A, /4 EN ) T ‘ ' ) R L VA
ENDS = EN/S ) ) 5R64
CNN27 = 40, # EMDY #Cl_ /EN 5N65
T CNNTY = 6N, «{(CV » TIMTC + XIN #HFG)Y o ’ T T T T U BRRE T
CIDN = C3 & DIIN 5Mn67
T 79R33 = B33 « 75 B 5MBR
75% = ,B * 75 5M69
751467 = ,167 % 75 o R Ya i Al
NTINZ = PLIN & DIIN 5r71
NN3NA = 3,06 / DIIN2 ) o 5nN7?°
TCGY4=TCG+Y4-1, ar7%
CONP = 503 « MFG # EM ’ Sn74
TJs=1 ClalA:)
D1MA = .65 # DIIN # SQRT (FN / (21 #* S)Y) 5074
QAMA = R & GAMMA §n77
VY12 = 12, & yISY ’ C T ) - BAT7R
CON13 = ,000103 » wRARY /(DIHA # 71 # S) §n79
B CON1IT7 = ,0039% / (SUFT # NIIN « SART (RHOL)) 5A8N
CONYB = ,1275 / (DIIN # yISL) 5NAY
CONDS = 16, # VISL/IXIN # VISV # RHOL) BARD
NN23 =2 2320, # DIIN CYalh ]
~ C1C3P = 2, % Cy 7 C3 5nu4
RI 432 = 432./RKOL Gl 1Y
T TR 144 = {44, /RHNL - ’ BAAA
72C2F = 72 & C?2 # EF 5MH7
CN41t = 73 #C7 » DOIN » ET 5nHR
CNB1 ] = 74 & C5 & NOIN # EF 5MHO
MO = DOIM - DIIN o 509N
nep = DOIN + NTIN 85M9 1
- T C10N = C eOTIN ' ' ’ 5n92
CNZe1)=11%, » Y3 & ZKC/DTIN 5N9%
fNZ2¢3Y2Y4107 #ZKC/DUIN w(VISL*CL/ZKC)nu, 4 /7 (VIEL » DYIN)we, R BAG4
CNZE2)Ys(CL/Z(DIIN » 7KC)) ww, 4 5r9&
nvz2ss = ,288 S(DIIN & vISLY T T - BRGK
NKYA = 60N,wY4 & ZIKC/NDIIN 5197
TR 2 R W Y344 B : e A 1ok .
WIN = WRAR1 #ENE& = NOIN #,5 %99
WALT =WRARE #EN6 - DOIN #,5 ' o o CARde
CLEN = CL »60, # ENDS 5101
FNSY13 £ 13,34 #FNDS @ 2KF 5102
crnat T =1,495F=10 & CN4{q! 5103
CNEd> z =, 71{B5E=1Nn ¥FTNATY : S{TTa T
CNB = =,23BF-10 » CNS11 89018
CNB2 = =, 357E«10 ® CNB11 oo B S . BYIN&

FIGURE D-10 (cont'd)
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DND = C2 # ZKTH # DMD/ DPD 5107
P07 = TTTTTTDMD @ DPD # ZKTH T T - BAOR O T T
NNK = DMD/ 2KTH 5100
I ok 15 7 BT I 1 7 I o 1 2T I o
CN6Y = ,348 » C3DN 5111
- WIMWE = WIN = wouY 0 T T T T e e e e T s e
nhD17 = 1,7 « DDD , 5113
- - BNDAS T 85 % DOD o L .
D2D24 = ,0109 & Cy1 #D2D2 5116
N50P % = 082753 o CSena0s- — — - e
CONA = WIN + WOUT 5117
IF{cs-1,7 31 , 35 , 39 ' B S ' ' ' 811R
31 CONY = 2, & DOIN / CONG 5119
FI8F = SGRT (.05 # TONT +,0025%) 7 (CONY +,17 + ~SORY 13,803+ ¢,95«572n
1 CON1Y /7 (CONT + 3,9) 5121
T F4SP = SGRT (,2 « CON{ +.04 ) / (CCNy +,4) ¢ SORT (3,24 + 1,8 #5922
- 1 CON1) / (CON1 + 3,6) 5123
FESP = SGRY (, 45 ® TONY +,2025) / (CONY #,9) '+ "SORT (2,4N3+ 1,55&5128
1 CON1) / (CONY + 3,1) 5125
TTTTTTTTTTFRSP T GGRY (.8 % CONY +.64 ) / (COME +1,6)+¢ SORT (1,44 4+ §,2 #5126
1 CONt) 7 (CON1 + 2,4) 5427
TCOND = CCR6/ DOIN o T S S -1
CONS = 1, / (1, + 2,%C0ON2) 5429
FiISP = ,6366 #(q, + CON2 # (1,= SOQRT (1,+DOIN/CONE)Y + ,5 = 5130
1 ATAN ( SGRT (1, = CON3 & CON3)Y /7 CON3 ) ) 514 34
GO TC 40 S B 5437
35  IF(73) 351,39,351 5133
Sr)i LHF\H gimir\ I‘ "’N ’ ’ T . 7 ) 5134
CON2 = CON1 # CONt 5435
F3S5F = FTABF 1.05%00N1,,5075Y + FMED 74« OB «0AME. T RATY 7 UUTRYRE T T
F4SP = FASP (.2 #CON1,,N4 ) & FNSP (1,8 #CNNY,3,24 ) 5137
FG8P = FRSP {,45«00N1,,2025) + FNEP {1,858 =LDN{,2,403) T 543R
FASP = FASP (,8 #CONP1,,64 ) + FNSP (1.2 #CON1,1,44 ) 5139
F1SP = 2183 #(ATAN (1, + 4,/CONY) + ,2146) ' 514n
6N TO 40 51414
T 39  F38P =v. T o T T L -
FasPp =1, 54472
FesP =1, T ’ C 5144
FaSP =9, 5145
Figp = 1, 51 4%
40 nn 998 11t = 1, NSETS 5147
ENS = 1, . i o ' : ' B14R
NNS = S +,00N% 5440
33 ENSS 3 S # TENS 5450
ENNS = EN # ENS 5151
T JJJd=NNS 5152
Sum = 0, %153
T A 653 = 1, uud 5154
TS4X(1) = TSIM(!II.T)*TQIN(!I!.!)GTQIN(ll!.!)'TSlN(IIY.Y) 5155
T TTF(TETR(TIT, 1Y) 651,653,653 5454
651 TS4X(1) = 5,83E+8 # ALPHS/ALPHT & QQ(TIII,T,1) + QG(TLT,T1,2) 5157
653 Qv =8IV 4+ TSav(l) ' © B45P
T4s = SUM / FNSS 5159
T TSAVG = T4% o ' ' 5160
TS =z TSAVGas, 25 5161
T TWRYTE T T 1TP2,9942)11L,TS " B1E?
9942 FORMAT(/6H GROUPI3,?20H VALUE OF TS AVG, IS FA,1,6H PEG R/) 5163
YCAP = TCAPG + TCG - T 6164

'FIGURE D-10 (cont'd)
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PCAP = P1Ra EXP ((TCAP/T1R =1,) # CONP /TCAP) 5165
ROVAF= EMDO9 ¥ PCAP 7TCAP CEEY)
3 EMTI! = EVDT #(1, = THETA) /ENNS 5167
. JENT 2 I T T R
ISWY = 1 5169
TREP = 0~ 7 R — 5170
7n8 VINAP = CMNING #EMTU / ROVAP 5171
REAP = DUZ24 & VINAP % ROVAP T T e TRy T
IF(REAP - 2000,) 71 , M : 72 5173
50T FRAR & B4 ) REAP ot o TS e e o
60 TO R 5175
77 IF(REAP - 4000, 7% 7, 74 , 74 ~ ~ LA
73 FRAP = ﬂ0277 * R&AP % 322 %177
e e B et - TR
74 FRAP = ,346& / REAP ##,25 5179
8 60 T0 (RO0,491) ,1S8Wwe ' S o T T Tsq8n
ann HCAP = Y1427 # VINAP #SORT (HCAPC #ROVAP#FRAP) + Y314 5184
o 1F(TYCGY ~ 29, 2727 Tp{ T T N L 1 VA
21 CON3 = 2, « ELT 5183
TTUTTTTUUUENLY R wWIMWD / CONT - T "B{B4T T
CNL? = (TFIN = TFOUT) / CON3 5485
- ENLY = TFIN # WiN - . : AR T I -7 SR
CNL& = C1D4 / (4R, /HCAP + DDK) 5187
CNL7 = .5 # CNL6 / C1C3P - C o S B BRT
o 7 SIMULTANEOUS T «LCC =T##d EQUATIONS 5140
[ A TEVPERATURE UNKNOWNS , 1 LCC ; ' 549n
c CONSTYRUCT DERIVITIVF MATRIX DB, 7)Y 5191
J8% =n 8192
NN Ant 1 = 1,6 5491
ant YE1Y = 1050=16 =] ’ ' ) I T
TRMYOODD A3 I = 4,6 5496
CO1Y = TCI) # TC1) » T(1) 5197
na A3 U = ¢,7 ' ’ - XL
AN3 ner,JY) =0, 5499
TI2 = T(i)'- T(2) ’ 5200
T23 = T(?2) - T(3) 5201
T T34 = TUIY - TL4Y - ) T 8207
T4% =2 T(4) - T(5) 5203
T56 = T(BY) = T(6) 5204 -
CNL4 = T(7) «CNL1 820%
CNLLR = WIN » CNi 4 ' ) ) 5576
CNL1t = CNL7 #(TCG = T(2)) 5207
T FILDIR = (CNL3 < CNL? #T(7)% (WINSCNLS)Y) / (CNLS # CNLBY & 72KF S70R
EILRDR = (WIN =« 2, % CNL4) » 72C2F 572N06
FLTRM =(T(7) #(TFIN «T(7)% TNL2) / ENLS)Y # 7KF ' 521N
CNLR = T(7) # (WIN = T(7)% CNL1) * 72C2F 52114
CAN9 = CNLR / ELRPR- ' o Tt I -3 5 -
NE7,2) = = T23 * 6,67 % FLDIR 5713
TTUUTTUTTRUTLEY E72,72 w ELDIR W OTIE O - T T s e gy g
NE7:3Y = = N(7,4) = D(7,2) 5215
NE7.,%) =1,334 #» EILDIR # T4 =~ ’ . Y5 U
Ne7,4) = 0(7,4) - N(7,5) 5717
NE7,6% = 0,952 # ELDIR % TS5k h 571k
NE7,8) = D(7,%) = D(7,6) %210
TS5, &Y = ,957 % ELTR™ — 5O
Nt4,5) = 1,334 » FTRM 5221
Nt6,5) = N(5,6) o o - 5227
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N(3,4) = 2:22 & ELTRM 5223
NS5, 4y = D(4,®) - - N LY -L
D(2,3) = 6,67 & FLTRM 5225
‘“‘ﬁWtTr?“m?r"‘ T T T e Y- T
- NE3,2) = D(2,3) 5227
NE2,1Y = DOOYLY » T(7Y 7 0 Tt T 5728
- N(7.2) = D(7,2) +CNL11+,59D0D17#T12 5229
D1.2Y = .5 « D(2,1Y T Y L
CNLY = -3 BE~11 # CNLB # (C6+ F6SP) L - 5231
D(6,6% = 4, &« C(6) # CNLS = D(B,6) 5737
B CNLO = (T(6) # C(6) - T4S) # CNLO . 5233
NE7.,6) = D(7.6) + TCNL9 7/ eoNy T T 5234
. D(R,6) = =CNLO r T56 # D(8,6) 523%
CNL9 = -2,85E~11 « CNLA & (Cé + F55P) o B2%6 T
L Nt5,5) = 4, # €(5) # CNL9 = D(4,5) = D(6,5) 5937
CNLO = (T(5) # €(B) = T45) *« CNLD ) ‘5238
Nt7,%5) = C(7,5) + CNL9/ CONt 5239
NtA,5) = < CNLO * T45 = D(4,5) +T56 » Dt6,5) T 5r4n
CNLO = =-1,00E=-q¢1 * CMLB % (6 + F4SP) 5244
T TTTRlAYaY = T4, e 0(a) w ENLY = DI(5,4) - DU3,4) 5242
. ENL9 = (T(4) e Ct4) ~ T4S) & CNL9 5243
NE7,4Y = DU7,4Y + T TENL9 7 CONt T 8744
DER,4) =  =CNLY = T34 & D(3,4) + T45 » D(5,4) 5245
~ CNL9 = »,950NE~11 # CNLB # ( CA& + F3I§P) 5246
NE3,3) = 4, # C(3) # CNLY = D(4,3) « D(2,3) 5247
CNLS = (T(3)  « C(3) - T4g) & CNL'9 5248
Nt7,3) = D(7,3) + CNL9 7/ CONjg 5249
T DALY = T - N9 - 123 & 1H2,3) + T34 & N(4,3) 5750
CNLS = e, 238E~10 » CN51T & T(7) 57281
- NEa. 2V = A * LY e ANLR = REDYT = NE4L2Y =« TPV W ANLCT TRIRD T
CNLO = (T(2) # C{P) - T4S) # CNLO 5253
TTTUTURIIIEY ETOBI7L2Y 4+ CNLO T/ (T 754
D(B,2) = =CNL9 + T23 #N(3,2) = T12 & D(1,2) = CNL11 # T(7) 5958
T CNU9=-1,495E-40 # FisPslN4LY & TU7Y 5756
DC1,1) = 4, ® C(1) % CNLY9 = D(2,1) - CNLE ® T(7) 5257
T TENLO TETTUT(L) # Cl1) = T4S) & CNLO o - T 825R
CAND = CNLE & (TCG = T(1)) 5259
D7, {Y = CONZ - DDD17 e T42 ¢ CNLY 7/ T(7) 57260
- NEB,1) = - CNLO + T12 # N(2,1) = CON2 & T(7) 5261
i BUi.7) & CNL6 » T(7) 5767
NE2,7) = CNL7 # T(7) » 2, 526%
) N(7,7Y = - CON? - 2. % CNU11 5764
NEA,7) = =-T(7) # DC7,7) - CNN31 #,33333338EMTY 5265%
CALL CROUT(7Y 5266
GO TO (RNS,804) ,1JS 5267
874 WRITE ~ { 1TP2,RD41 ) 5268
BN41 FORMAT(/37H20 CYCLES=-=NNT CONVERGED== LCC MATRIX/) 5240
T TG0 T 2 i 3370
RNS nn Ang X = 1,7 52714
T ARG TR S TTRY & H(KS 3272
1IFCABS (R(7)) - ,NONS) RO7, 802 , AN2 52773
T An7 DA Apky K=1,6 5374
B IF(ABS (K(K))=- 1,) ANAL,BN2,802 5275
" BAN&Y CONTINUE ) 8574
ELC 2 T(7) 5277
R o I 4o -1 1ok 8278
27 ELC = ELCG 5576
T 2201 ELSC = ELT- ELC ) - SSRA

FIGURE D-10 (cont'd)
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IF(ELSC) 221 , 23 , 23 5281

221 WRITE ( ITP2,4170Y ELSC ) 578?7
1100 FnRMAT(/19HST0P NFGAT!VF LSC 1F10,5) 5283
TR0 TOH 9981 ’ T A Y I
23 CONY = EMTU # DV25S 5288
T EMEL = ENDS w20, % ELSC % IKF ) 578% ""
FMLY =,00545 & D]IN2 #RHOL/S #(EN # ELsc * WBARE) 5287
T TEDNSE EMTUR 4 T 5ORR
HSC= COZ(i)-CONZ'COZ(Z) 5286
TYF(FON1- 2300,) 2301, 230y , 2307 R -3 1 B
2301 MWMSC 3 HSC + DKYé 5291
T an e 2303 S T
23N?  HSC = KHSC + CONP#CON2#COZ(3) 5297
TTUSYAY FLY = 187 e+ ELC T T e s i s Ry
FIL?2 = 5 *ELC 52958
EL3 = ,AR33 #ELC o ' T T R296
FlL4 = FLC + ,25 # ELSC 5297
“FLs & EIT + .75 « FL&C o N e g
FLLY = FLC + ELSC 5299
T UUF(2% T = 2,#ELC + 3, ELSC ’ - ' 5300
EMN9 = ,N932 = &M 9304
CONY = FLTY = EL¢ ' ’ ’ ' . % F o i)
CON? = FILT « EL? 5103
CON3 = ELYT - EL3 ' ) ) ST 5104
CNANP{= ELT » FL4 53IN8
" COAND?= ELT - FLSB ) ’ 50k
w1 = € WIN »  CONI + WOUT « FLe Y / FLT 5307
W2 = ( WIN & CON? + WOUT & EL?2 )Y /7 FLT 5308
W3 = ( WIN & CONJ + WOUT & ELL3 Y / FLT 5¥n9
W4 = ¢ WIMN & CONZ21 « WOUT = FL4 Y /7 FLT C S S
w8 = ¢ WIN & CONZ22 + WOUT & FLS )Y /7 FLTY 5311
h W2 = B om(uwy + Ww2) 85312
W2¥ = 6 #(W2 + W3) 5313
Wa% = 5 #(W4 + WH) N ht14
ELLC= (FLC / FLSCY* ,6666K667 5316
B w34 = W3 + ELLC » wWa) /7 U 1, + ELLCH 5314
TF1 = ( TFIN » CON1  + TFOUY = FL1 ) / FLT 5317
T TTTF2 s (TN & CON2 4+ TRAUT s EL2 ) / FLT ' 834A
TF3 = ( TFIN ® COM3 + TFOUT = EL3 ) / FLT %310
TF4 = ( TFIN # CONZ2Y + TFOUT » EL4 ) / FLT 5320
TFS5 = ( TFIN & CON22 + TFNAUT » ELS ) /7 FLT 5321
TF1? = ,5 #(TFL + TF2) ' T 512
TF23 = .5 #(TF2 + TF3) 53273
TTTTTUXFES = B w{TF4 « TFS) o ‘5324
TF34 = (TF3 + ELLC #TF4) 7/ (4, + FLLC) 832%
WIF = WIN = WIMWO # ELC 7 ELT ’ ' 8326
wprF g2 WIN « WIF 9327
£ANT = WIN /2 WNPWF T e % 3 ¥ T
CONK = (wIN « WIF) / WNPWF 5329
TTTTTTTTIRKY s 7BRIT 4 26 ¢ (i, = 1,686 W CANY + ,695 % CONRY T T 5w3A
7KK? = 78B% + 76 % (1, = CONY + 25 # CONA) 53314
7KK3 = 25167 + 26 # {1, = ,IIF & CANY + ,0779«% CONRY T TUUTHIIDT
491 HCOND = Y1427 « 7KK? # VINAP & SGRT (HCAPC #ROVAP#FRAP) + Y3172 5333
C CALLC, RDC , B , EQGCF 5734
CONY=z CM4y o FLC # F1SP 5335
T T TnNZE CNSY WELCTT T T - 5338 -
CON3I2 22C2Fe ELC 5337
CNN7 = ELSC # 2KF oo o B T ’ 533R

FIGURE D-10 (con‘b'd)




CNNR = 7KF/ ELSC 5339
CNNG = D22 &C3 ~ ~ T T o TTTSIEAN T
CNN10 = CNN9 #,00182 /ELSC 5341
"CNN1Y = 4, ® ELC /EL2Y T [ %7 - 2
L NNDLS =1.272 # ELSC « DND 5343
CNNI3 = ,00B33III % ZKF & YFI4 » W34 JEL23I 7 T B34d T
CNN12 = CNN1Q # C1C3pP 5345
- Ba teTE 1 £ 4.1%.6 - L . y _ e g e
o J= 1+ 176 5147
R ONEECONS * WWETT e : exgm
. Rnctly = CoNg 5349
RDC(1+3) = CON2 S o ‘ o S 1T
__ _RDC(1+2) = -,95E=11 & CONG® (C6é + F1ISP) 5351
TTURDC(T4IY = =1,9F~11 # CONK® (Cé # F4SPY T T o oo ggRy
_ RDC(1+4) = «2,85E~11% CONG® (C6 + FSSP) 5153
IN4I0 RNC(I+5) = «3,8NE~11{* CONA® (C6 + F&SP) S 5154
B CONt= CN42 ®#ELSC 5355
CON?=s  CNG2 #ELsc oo S Y S
N __CON3=z  72C2F # FLSC 5157
B TIN1TT T = 49,25,6 ' 5158
. Jd =1+ 1/6 5159
COANG=CONI*#WW(J) % -1
_RhCEI)Y = CoN1 5361
RAC(I+1) = CON2 T T o o T 5382
RNC(1+2) = =,1428E~10 # CON6# (C6 + F3ISP) 53673
ROC(I+3) = »,285E=10 & CON&w (C6 + Fasp) = ' 5364
RNC(I+4) = =,42B8FE=10 & CON6% (C6 + F55P) 5365
31T RDC(T+5Y = =, B7nF~-1n & CON&® (06 + F&3PY ~—  ~ o T 5366
- NN 3020 1 = 1,30 5367
AN BTy =TEA e ehcely T T T T A LY
N 3021 1 = 33,33 5369
TTTTRRCETY =h, o 53170
3In?21 REIY = n, 5371
"€ANG = D2h2i/FLCT T T T ' ‘ 5377
HCY = ELC / (24,/HCOND + NDK) 5373
TTUUMSYT = T ELSC 7 (24,/WSC T ¥ DDKY T I S ¥ £
CON?Y = CIDN  « WS1 5375
T CONDE g T OCIDN T 4 HSY{ ST . 537%
CONP?1=C104 » WCO 5377
- CONPZECNET #HCY T o co ST 537R
CONY= ELC « ZKF 5379
T eANSE IRF O/ ELC 0 v o oo o . T BIRAC
CN43 = ELC » DDD8S 5341
CN9{4 = D2023 7ELC T - T 53IBY
nn 3050 1 = 1,5 5387
Ty e W T o ' ) 5354 °
K = 6+ 1/3 5385
T TR LS4y 3030, 3035 , 3035 ' ' ’ BIBAT
3n30 £N11 = TFCOI)/WW(])  « CONY 5387
T UTEND? ST TFIKY #wWWiR) o« TON? T B " B3RR
EACF(J,1) = ,952 & CNi1 5389
FACF(J,3) = 00834 *CN{2 o ‘ ST T T 839AT
FACF(J-1,1) = 1,334 = CN11 5391
FACFU{J-1,3) = EacFlJ,{y ~ — ~ °~ o T T T B3g
_ENCF(J=1,4) =,0N624 « CN12 5393
T FACF(J=7,1) = 2,27 « CN1y ‘ T ' ) 5192
o FACF(J=2,3) = EQCF(J=1,1) 5398
FACF(J=2,4) = ,00417 » CN12 oo S 57 S

FIGURE D-10 (cont'd)
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EQCF(J=-3,1)

6,67 & CN11

FIGURE D-10 (cont'd)

z 5197
FACF(J=3,3Y = ERCF(J=2,1) o 515R
FACF(J=3,4) = ,002085 » CN1i2 5399
FACF{J=d,1) = CN13 ~—— 7 T N 5400
FNCF(J=4,3) 3 ENACF(J=3,1) 5401
- EACF(U=4,4) = CN14 5407
FRCF(J=4,5) = CON22 54073
FACF(J=5,34Y = TONDT B . 5303
ENCF(J=5,1) = 2,# CN13 5405
EACF(J=5,3) = CONé - ) B40&
IF{1=2) 3050 , 3031 , 3n33 5407
INIT NO 3IN3I2 L = 9,11 - } B40R
IN32 FACF(L,5) = EQCF(L,4) 5409
""" TTTTFERCF(7,%) s ERCFT7,3) - - T 531m 7T

EACF(B,k) = EACF(R,4) 5411
FACF(12.,4)= EQCF(12,3) LY S
6N TG 305N 5413
INTIOENCF(13,8) 3 OCNN1Y1 % FQCF(13,3y —— — B 5414
FACF(14,6) = CNN11 # FQOF(14,4) 5415
FACF(¥5,8) = CNN13 - 5416
FACF(16,8) = 2, # CAN13 5417
FACF(17,5) = 3, » (CNN13 541R
EACF(18,4) = 4, # CNNi3 %419
GHh TC 305N ) Y Fh
INIS  CNL1 = TROIY/WW(])  #CNN7Y 5421
T CNT2 = TRIK)#WWIK) #CNNB 5422
FNACF(Js1) = 1,428 % CN11 5427
FACF(J=1,3) = EQCF(J,1) 5424
~ EACF(J=1,1) = ENCF(J=1,3) / ,714 8425
FACF{J=1,4) = ,NN41é = CN12 - B 542F
EACF(J=2,3) = ENCF(J=1,1) 5427
TTTTTTEACF(JU-2.1) = EQCF(J=2,3) % 1,465 K428
FACF(J=3,3) = EQCF(J=2,1) 5429
T FACF(J=3,1) = 3.,0n3 « EQCF(4-3,3) 5431
FACF(.U=4,3) = EQNF(J=3,1) 5439
FACF(J=4,8) = CNN1O 5432
FACF(J=4,1) = DDDLS 543%
T T TTTERERCF (LYY = EQCFEU=1,4) & 1,336 5434
FACF(J=7,4) = EACF(.=1,4) » ,6667 5438
FACF(J=3,4) = ENCF(J=1,4) » 00,3333 5436
FACF(J=4,4) = ,523 % CON24 ' 5437
FACF(J=5,3) = EQCF(.J=4,1) 5473R
FACF(J=5,4) = CANM12 5439
T T UEACF(J=R,1) 2 1,048 # CORN23 5a4n
1F(1=-5%) 3781, 3In37, 3In8q 5441
IN37  FACF(19,%) = ,5 # ENCF({3,5) 5442
: FACF(20,6) = EQCF(14,6) 5447
nA RA3R L oz 24,23 o i [444
INIA FACF(L,5) = EACF(L=6,5) : 5445
TTUUTTTTTTTRACFUT4,4) = FQOF(1R; 4% ek - 5r5aA
INGN OANTINGF “ 5447
U FaCF(26,4) = ,3%3333 « EACF(20.,4Y - BT ¥y
FACF(26,6) = 2, #» ENCF(26,4) 5449
FACF(25,1) = ,33333 » ENCF(19,1) 545N
FACF(25,5) = 2, # EOCF(25,1) 5469

N 5y = {,%0 T T - 5357 -
FACF(L,2)e=-FQCF(L,1) 5453
nno3NGy 1= 3,6 ) 5454



3N51 EQCF(L,?)= EQCF(L,2) =~ EQCF(L,I1) 5455
EACF(3L, 1Y = EGCFUI9, Y » 2,0 5354
EQCF(31,2) = EQCF(31,1) /C1C3P 5457

7 TCON? E CNN?2Y / ENE T T T TH45R T
i EQCF(34,3) = 1,5 « CON2 5459
FACF(31,4) =-,5 @« CON? B o “H4R/N

o FACF(31,5) = -CON?2 =~ EQCF(31,1) - FQCF(31,2) 5461
TEOCFUYZ,2Y = EGQCF(31,1Y Trmomm B Y-V A
EACF(32,3) = EQCF(31,2) 5463
CONY = EQCF(32,2Y +EQCF(32,3y  ~—~ — T 5364

- EACF(32,1) = =,33333333 & CONL®CON2 5465
FACF(32,4) = -,66666667 % CONf=CON2 ~ 7 CYYY S
R(33) = EMTU & CNN3{ 5467
Ao 3062 L = 1,3 ~— O T T T oo T T THAGRTTTT

__ EACF(33,L) = - EQRCF(13,4) 5469

3 FOCF(33,L+3) = -EACF(14,5) & 2, ‘547N

- EQCF(33,7) = =3, # (EQRCF(33,1) + ENCF(33,4)) 5471
c 33 SIMULTANEQUS 4TH DEGREE TEMPERATURE UNKNOWN FQUATIONS ~ 54727
c CONSTRUCT CERIVITIVE MATRIX D(34,733) 5473

T TIF(TREPYIOOT, %990 ,3992 5474
3990 1F(TCG6)3991,3993,3994 5476
3993 1F(JCNTYIZ001,3991,3692 I o T T T 5476

3991 NN 399 J = 1,33 5477

399 T(JY = 1000, 7 - 5478

3992 455 = 0 5479

T gnn N ani U L33 548n
] ClJ) = TLJ) » TCJ) * T(J) 5481

o ¥77‘I_IH qu— 77117777=”>:{|3_1 54F?

4n1 nE1L,JY = N, 54873

T N0 4117 K = 1,03 h T T 5484
CON1=4, # RDCIKY = C(K) 5485

- NE34,KY " B(K) = ,25 o00NLs T(¥} 5484
na 4an7 L1 = 1,7 54R7

T TUTSR(LL.KY N G4AR
!'—'( J)y 410 ,41N0,402 5440

4n2 Yf(?“A”Ji“‘Zﬁﬁ;’4ﬁs b 4ans - B G497 T T

4ns NtJ,X) = EQCF(K,L1) + CON1 54994

TUTTITTITRA YR ANT 5492
4ne DCJ,K) = ENRCF (K,L1) 54973
4n7 AC34,K) = D(34,k) < FREFIK, L) TT N 5494
41n CONTINLE 5498

“I1S{1T =n T T i 5494
CALL CROLT(33) 5497

TR T UE1%,312),1J5 549R
412 WRITE { 1TP2,4171 ) 5490
4121 FORMAT(/37H20 CYCLES=-=NAT COMVERGFD-= T MATRIX/) 5500

... hoTC 2 5801

413 NN 415 K 21,33 5562
T(KY = T(K) + H(K) 580%

) TR (ARS (R(KDY)Y =1,) 415,414,414 55014
414 1sL1 = 1 550%
415 CANTINGE 5806

1IFCISL1) 44,44,400 5807

44 TC = T¥(I2y " 580A
TAUT = T(33) 5300

TTTTTTUTYC4ETCNTC 5511

 TC4=TCA#TC4 5511

IF(IREPY SO0BR, 508 ,519 B - - 5845

FIGURE D-10 (cont'd)
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5N8 TCAVG = T(32)

5513

TFITCCGY4) %7,51,52 5514
51 IF(aBS (1, = TCAPG/TC) - ,02) 52 , 52 1511 5515
511 JONT= JCNT +1 T T T s e B 1%
TF( JUCAT «3) 512 , 52 + 52 6%17
812 TCAP = TC + YCG ~ T oo 551R
PCAP = P1R #EXP ((TCAP/TIR «1,) # CONP /TCAP) 5519
S RAVAP E EWMEY W PCAP 7 TEEP o e D g
1Sw1 = 2 5521
tn T8 TAE L N e e
519 TOU{IREP) T TOUT 5523
52 ©C = PIR #EXP ((TC/T1R =1,) « CONP /TC ) ' I LY
JCNT = N 562%
_ —RNGV = EVES e PE JYE T —— . e e e
VIN = DAN3DA # EMTYU / RMHOV 5527
SAVY = 5,67 & SQART (RGMA # TC) ' ’ N ‘B5H2A
AMACH = VIN/SOVV 5529
CIF(FSV - AMACH)Y B4 ', 8% 7, gy oo o I L 1A
54 WRITE ( 1TP2,541)AMACH 5631
8541 CFORMAT(/B5H MACHF{IN,?,2X20MIS TOO WIGH-=WARNING ) o BRIP?
55 CNHN1Y = RHQV # M 5533
CONI = CONtL # VN : : AR N 1 ¥
CON? = CONL 7/ VV12 H53R
TCON21 = CON2 o+ DIIN ’ ) ’ ’ 5534
RF{HA = CON2 # NDY1HA 5537
NPYH = CONYZ # CONT / (RE1HA)%w 2% ’ 553R
REY1 = 7KK1 # CON29 5539
RFV2 = 7KK2 # CON?1 HR4N
REV3 = 7KK3 # CON21 5541
IF(REVY -~ 2npn,Y 691 , A1 , 611 o - 5R45
61 FR1 = 64,/ RFW1 55473
a0 Yo 62 5544
611 1F(REVLI~- 40N0,) 612 ’ 613 , A13 554%
612 FRL = JO00277 = REVY{ aw 322 554F
60 TC 62 5547
ALY FRy = ,316 / REVI =% 25 5% 4R
6?7 IF(REV2 - 2000,) A21 ,4621 627 554¢
TTé21 FR2 = A4,/ REV?2 T BE5F
GO TO 63 5851
677 TF(REV2 =~ 400N.)Y 623 , 424 ,424 BR62
623 FR? = 00277 » REVZ a%,322 55572
) N TO 63 ) ) B854
674 FR?2 = ,31¢6 /RFY? ##,28 58hHK
TTRY T OYFUREYI - 2M0N, ) A34,6%1,A3D 555
611 FR3 = 64, / REVY 5857
G0 TC 64 " BRBA
63?2 IF(REV3 - 4Nnpn,) 633 , 634 , 634 5850
633 FRY = 00277 # RFVYY ‘ww, 333 — 7 T T T T T T BReT
60 TO 64 R5H4
TR UFRY EOUIIE/REVIWE 2% o o I A
A4 CON?1 2 1,=- ZKK{ # XN 55673
CAND? = 1,- ZKKD * Y{N _ B . o . R 1 Y
CNAN?3 3 1 ,~ ZKK3 * XIN QRAR
CONP4 = EMTL # VIN » SART (RHOV) & CON1Y 5864
WREF1 = 7KK1 # CONP4 *CON21 5567
WEF? 8 JKKZ % CUON7& *CQV2? TRER
WEF3 3 ZKK3 # CONP4 #COND3 554G
CON1= CONIA » EMTU - : SR - - : R

FIGURE D-10 (cont'd)
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QF1 = CON1e# CON21 5571
_ RF? = CON{® CONZ2 T T T e e T 5577
RF3 = CONts CON23 5573
EANSE ® CONDB @ RHOV 1 V£ S
FKy =z FR1 # ZKK1 5575
—FK2 = FR? . 2KK?2 T T T e ) &
FK3 = FR3 & ZKK3 A 5577
CTF(WEFL= 3,y 70 , 70, 702 S ’ o 1 Y4
A IF(RF1 - 200,) 701, 70%, 702 5579
7R NRY1 = SART (CON21 ® CON26/(FKL1 & REVIY)Y ~ = 777 77 o g o
__ _1F(REVL - 2000.) 7011 , 7014 , 7012 5581
P11 PH1T = (1.0 + DR1) ## 4,0 o ' ’ LY
, 6N TO 703 SEHT
‘ TR ? T TPRRIT 2 05 4 SHRT (25 NROYY wed 75 S T T T BRR4T
P GN TO 703 5545
CTN2 UPHIY T LZKKY eXINYwe(=,75) ’ 5586
, _In3  IF(WEF2 - 3,) 710,740,712 5547
! 710 IF(RF2 - 200,) 711, 711, 712 T T T T eR T
711 NR2 = SART (CON22 # CON2&/(FK2 #REV?)) 5&HQ
T TYF(REV? - 200N,y 7191, 712, 7112 ' 559N
7111 PH12 = (1, + DR?) ##( 4,) 5R94
B To 1y LT T s e T T T T e T eegYT
7117 PH12 = (,5 + SORT (.25 + DR2))#s 4,75 55913
68 To 713 o . ‘ ' ) ) 5594
L 712 PH1? = (ZKK? #XIN)##(=,75) ERQ&
\ A A5 T TFOUEFS =3,) 7 720,720,722 5504
L 720 IF(RF3 - 200,) 721 ,721.722 5897
723 DRY = §RRT 'C?:}.'zz 2 COMPA /(FK3 & RFEVIYY I 5u9R
TF(REV3 - 2000,) 7211,77211, 77212 5599
TTIZI1 FRIS - U I DRIy aEy{ Ay ' - ST Y el
60 Te 76 CY 3L
7292 TBHITET U 5 4 BART (.25+ DRI))#2s 75 5602
50 TO 76 5603
7722 PH13 = (7KK3 » xIN) ##{= 75y T ' ' ’ 54
74 PPLC = ELC » CON3 #(PHI1 #7KK1 #FK1 + PH12 #7KK2 #FK?  + YL
T T T T PHTI R7KKY ® F3) 7 DN2Y B LU
CONAZCONTI/9240, 54N7
T DAYRY 2 TPLT 4 DPYH - CONG : 5&NA
PPWR=EMNTDPYCT/ (236, #RHOL) 5619
~ 7 TENUE Ts-RL432 #(1,435F=4 s CON3 - NPLC) / ELC ' S41n
FNPG =-RL144 #(CON& = DPLC)Y / ELSC 5611
) TATOTC T = TENDS s R{33) ’ ' T 5A12
NFTC = ENS13 # ELC #( (T(2)=T(3))#TF1/41 + (T(R)= T(9))eTF? /v2 + 5A1%
- 1 (YOI3Y = YU{5)) & TF3I/w3 ') 5614
ATTC = QATATC - QFTC 5618
T QTOTS = CLEN SEMTU # (T(32) « T(33)) 5614
nETS = ENFL ﬁ((T(Zﬂ)- T(?1)) #TYF4/94 & (T(26)~ Tf27))QTF5/\A’5 ) 5617
T 7T TATYS = aToTs - AETS BRLR T
____ATOAT = GTOTC + QTOTS 5619
87 TWRITE T T T T (T 1TP2, AT IREP ’ 5620
B70  FORMAT(/BF SET NOLI3) 5621
T RO = TEVT e ENDS CT ' ‘ T 5622
TS = 754 #s,25 5623
wRITE ( 1TP2,A71) ) o o 5624
1 TC,PCLELC,ELSC, TOUT,DPTOT,ENUF L ENPG , 5425
2 ATOTC.ATOTS ,QT0T LEMLY,EMDS, VIN , AMACH , TS " 5AZA

871 FORMAT(13X2HTC13X2HPCI3IX2HLC12X3HLSC1IX4HTOUTLOXSHDOPTATY2XIHNIIES 2Y5A27
134NNPG/ZINXSHDEG R1IXAHPSTAIIX2HFTIIX2HFTINXSKHOEG RIZ2YINPSIOXORND NFRADR

FIGURE D-10 (cont'd)
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G SEXIHNN OF G,S/ 5629

2
3 AF1%, 5 /71 0X5HATOTCLaXYSHATOYS T IXaHGTOT I 2 X SR T1DY 3RMDS 5830
412X3IKVIN 11XAWMACHL 3X2HTS/3(11X4HB/HR)12XIHLRGAXTHLBS/MINIX56 31
5 6HFT/SFCP5XSHDEG R/3F15,2,5F15,57) T3 - I
B72 IF(IRFP) BA&,88,95 5433
T 8R  TF(FNOS-1,Y 89,97,8% — T o 5434
RO TF(,33333333 #(REVL + REV2 + REV3)- 2000,) 891, 891 892 5635
K] FY s 3,0 T . T TR E T T
60 TO 90 5637
R%2 FX & 1,7% T T HE 7%  : B
9n CON1=TC4-TSA 5439
CON? = ENMDT/Z(ENSEMYU) #(T,=THETAY ) AT Y AN
EXP121,/(FX +1,) 5641
e TR CYEEYORE SO ORE T e e
9ng TCM4TC4 8647
GlLiMNE R, i ’ ’ ’ S 84644
simMnzn, 544%
9A2 hD 903 151,NNS T T T TR RER T
CON6EY,=TSAX(1)/TCMA 5647
TCANTASCONE#REXPA o - B SR4R
S IMD=SUMC+CON24 5649
9M3  QUIMNEZSUMN+CON24/CONS . o R DY 21y
TCMA1z=CON2#CONL#SUMM/ (SIMNSENS) 5651
TE(ARS (TCMA1-TCMA)=1,E+8)9N5,9M5,9A4 ) o TAHD
9na TCM4aTCMaY 5457
o 6A T 9n2 ' o " 5A54
9ns TOM4zTCMAY 5455
TCMZTCMdas, 25 ' 5654
60 TC 907 5457
ONA& TCMA=TCA o T . Y Y L.
9”7 SHMN=EN, 5450
TTTTTHA §MA =1, NNS R CYY. L I
9nA SUMN=SLMD+( TCM4~-TSAX (1) YueEXP1 5661
NBTMzMPTCTaCONLI# (COM2eS/SIIMDY#w{EX +1,) : o T BEED T
PPWRZFMNTRNPTM /{236, %RHNL ) 5667
AN 9n6 f=1,NNS T LYY.Y
SUMNZCONT/(TCM4~TSAX( 1)) 5665
T FMYUXCTYEENT(# (DPTM/SUMN/NPTOT ) #4FXP1 ' DAGA
FLEX(I)=SUMNSEMTUX( L) #FL C/REMTU 5467
TF(FLEXEIY=-ELT) 9n%,910,910 ‘ ' 548 R
gno CONTIMLF 5667
60 TC 911 T A7
g4n WRITE ( 1TP2,9971 ) 5671
TTTGOTY FORMAT( /20K UNSTARLE===L.C GT LT/) ‘5872
AN TN 99A 567%
911 1F(TC6)922,921,9722 ' ' T 54742
921 R-OVM = EMOO #PIR/TCM *EXP ((TCM/TiR 1.) % CONP/TCM) 85676
GO TO c3 T S&7A T
922  RHOVNM = RHOV 5477
. MR o e e ) e . oprR
973 nNYI1 1T = 1,NNS 5679
9311 HCDV(1Y = Y312 + 7KK2 » DNINK SFMTUXTTI/RHOUM & SORT € HCAPT —# ~ “Smam
1 PHNAYM & FR?) Y1427 BAHA
9% IREP = IRFP + G682
IFCIRFP -~ NNS)Y 951, 9K1,9A AN
GRT FLT = ELCY{TIRFPY - BERA
FuTHE = EMTUX(IRFP) 5448
TS4 = TS4AX{IREP) T ' ' o BARLT

FIGURE D-10 (cont'd)
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HCOND = WCDX(IREP) 56487

GOYE 2707 - ) - - SREA- T
94 TOMIX = M, 5689
T eET TR 1NN I S
941 TOMIX = TOMIX + TOUC!) « EMTUX(]) 5491
TTTTTTYONMIX ® YTOMIX /7 (ENSS € EMYUY T T 5697
GO TO 98 54973
T TUYAMIYTE TALTY - o o IR 1+~ S
o TCM=N, 5498
NPTM=zN, B ) Y Y 1)
9A IF(TMIXG)99,998,69 5697
99 TF(PBRP)964,091,994 o I THATR
_99% T™MIXX=0, 5699
T TTTIRITCMIX-TMIXG) 995 ,99R, 998 T T TR ThR
995 NNGEANE -1 5701
T T TENS=FNS-1,/8 T ’ ' 57027
WRITE (1TP2,99R3)ENSS, THETA, TOMIX, TMIXX,DPTM, TCM,PPWR 5703
TE(NRNS)I99RL,998¢,33 ’ TBYNAT
904 TMIXYX= (1 .-THETA)QTOM]X-&THFTANTC-H(INCHFG/CL-O-(TIMTf‘ YeCV/CL) 85708
T IR (ABS (TMIYX=TMIXG Y /TMIXG-,011998,00¢4,006 57064
996 THETASTHETA+(TMIXG=TMIXX)/(TIMTCCV/CL~TMIXG+HF Gux [N/CL ) 5707
WRITE T (ITP2,99B3VYENSS, THETA, TOMIX, THIXX, DFTM, TCM, PPWR  B70F
.. Go Y3 L L ; s709
998 WRITE (1TP2,9983)ENSS, THETA, TOMIX, TMIXX,0PTM, TCM,PPWR 5717
9983 FNRMAT(/11X4HNS,SIOXSHTHETALOXSHTOMIX1OXSHTMI¥X11X¥aRNPTMY2X3MTCH 5711
T TS T IYAHPPWR 730X2 (T 0XBHOES RILPXIHPGIANXEHNES R1IVPHLP/TF15,5) 5712
Q9RY  CNNTINLE 5713
Gn o 2 o ' %714
FAD
SURRDUTINE TARLE 571%
T TIMENSITK CCC(9,3)  ,727(9:5) ,C(9) , 72¢(9 ) 571¢
caMmeN €,7,Y1,Y2,Y3, Y4 ,1TPY,1TP2 5717
[ CREATE RADTATOR {MPUT TABLE ' 5740
o PRACRAM CONSTANTS = SELECTION 5719

NDATA CCC,772/3#1,0,3#0,0,1,,24%0,0,1.125,,5,,75,N,,2#1,,.82,1,,.75,572"
1 75 1'!1 R HQJZQD?.ngiino05'5*10!“051-)”l'l!ltn'os ”.)?'1.:”.94'0767?1
,}1.11 5.1* R6601.l0011c10013.02-l3‘ 7n7 100n|9100 '04001|'vsi'101 577?

37”0'10‘40'10'10/ %723
CCCt4, 1Y = 6,8 ’ - ’ B 5724
RFADN (ITF1,1002) T,dik,L 572%
10A?  FORMAT(4ATY)Y T T ST7k -
WRITE «t 1TP2, 10”551.J K L 5727
TNNS T FORYAT(7RR PUNT TS PXAT1I/Y T T T T T e © /72R
B nn o 4 11T = 1,9 3729
ey T =TCCeTdL Yy 0 T e ¥ 4 1A
1 7¢11y = 722€11,J) 5731
GO TC (16,15,16,16,15),. 5732
15 7¢3y = C(4) 5733
1A CAONTINLE Rh734
IF(k=1) 2 , 2 3 7 3%
? R Z N T T ’ - ' o w734

FIGURE D-10 (cont'd)
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Y2 = A0, 5737 ‘
A.,..;__.‘,,..-;._G_ﬁv, Tﬁ T L R T Rt - -57-5n el i
3 vi = 0, 5739

vy? = 1, ' i 574N ) '
4 tF¢E - 1) 5 5 6 85741
5 Y3 o= 1, 5742

Yyqa = N, 574% 1

RETURK™ 5744
é vy = 0, 5745

v4 z 1, 5746

RETUIRN 5747

D! ' ' |

SLIRROUTIAF CROUT(N) 574R ‘

NIMENSION W(33),4034,33),8PACET24) T T B749

COMMON SPACE,A,H,J55,1% 575n
- N{zK+1 5754 "‘

nA 200 K=1,N 5752 ,

KizK+1 5733 _

J=K 5754

no 100 t=zK,N 5758

sUM=z0, 0 5756 1

T CYF(J-1YIn, 13,10 ' T 5757
10 IF(1=1313,13,11 5758
11 IF(1=JY175,17,21 ‘5759
17 1SMY¥Xz1wi 576N
NO 17 I18=%1,18MX 5751
172 SUIM=SUM+ACIS, 1)Y=nAC],18) %7672
TTTTTUTEY AU, TY=RCY, Y-8 ’ BTBR
6GA TC 100 5764
21 JSM¥z J=y ‘876%
NN 22 JS=1, JSMX 5766
22 SOMESUMSA IS, TYWATJ, /I8y 77 7T e T Y 1 - AR
23 ACU, 1A, 1)-SUM 5768
e LT e e e 5789 - -

12K 577N

N 200 Jzk{i N1 T - TTTTTTRITTT T

QitM=n, 0 87272

1FeT=1)23%,233,23¢ 577%

231 16MXzled 5774

A 232 18=1,18MY 577w

232 SHM=SUM+A(]IS, 1 )wA(J,18) w776
233 1F(A(1,1))380,351,350 I 5777

FIGURE D-10 (cont'd)
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354 atY,1)=0.0

LA Y6 260

350 ACJd, II=taty, 1)Y= SUMI*(1,/AL1, 1)

200 CONTINUE™

c HAVE COMPLETED FXNDINGVTHQVDER{VED>MATR’XAV

TR0 300 IS=1.NTT T
Stiv=0, 0
JEEN=TE%Y

S =US+d

RN 280 KE=JS{,N\
IF{KS-N)280,280,300
- PR0 SUMzSUN+A(KS, JS)eH(KS)
300 W{JSIsainNg,JdEY-aM
EEENLLEY JSSIT"”W oo T
__h'_imr*(yu-uo-: J
302 1JS8=2
_3n3 QFTURN

am TANN TAT
L Iove p v

FIGURE D-10 (cont'd)
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